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PREFACE

The nodeling work discussed in this report focuses on the potential
long-term effects of oil spills on northern fur seal population dynami cs.
The nodel and analysis assume that specified nunbers of fur seals have
been oiled, even though the likelihood for such contact is very |ow.
Based on resource estimtes for past and proposed sales in the St. George
Basin, the Mnerals Managenment Service projects that about five oil spills
of 1,000 barrels or greater would occur over the life of the field. Ve
project that the probability of a 10,000 barrel oil spill occurring and
striking the Pribilofs is |l ess than two chances out of 100 (0.02); the
probability of two such events is therefore less than four chances out of
10,000 (0.0004), assum ng independence between events. Two hypot heti cal
spills of 10,000 barrels of oil are sinmulated in this report, and are
precal cul ated to occur at times and places which result in substantial fur
seal nortality due to oil contact.
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ABSTRACT

Popul ation dynamics and migration nodels were devel oped and conbi ned
with an oil spill sinulation model to determine the effects of oil spills
on the Pribilof Island fur seal (Callorhinus ursinus) popul ation. In the
popul ation dynanics nodel, nortality of pups on land and juveniles up to
two years of age is density dependent, while that of older seals is age-
and sex-specific and constant at all popul ation sizes. Movement patterns
of seals within the Bering Sea are functions of date, sexual status and
age, conformng to probability distributions based on field observations

of their mvements and tining.

Two hypot hetical 10,000 barrel oil spill sinmulations were perforned.
One occurs near Uninmak Pass during the peak mgration of pregnant fenales
to the Pribilof rookeries, oiling 3% of the total female popul ation. The
other occurs near St. Paul Island during the pupping season, and oils 2-4%
of the femal e popul ation. By conparison, about 16% of females die from
natural causes each year. Dependi ng on the assuned oil-induced nortality
rate in the range 25% 100% “effective” recovery of the population from
these spills, i.e. the nunber of years before the oil-affected popul ation
nunbers were within 1% of the non-affected population nunbers, took O to

25 years.
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Executive Summary

A popul ation dynanics nodel with spatial resolution was devel oped to
determ ne possible long-termeffects of oil spills am the Pribilef |sl| ands
fur seal herd. A conprehensive literature review was conducted both of
previ ous pinniped nodels and all aspects of fur seal behavior and
popul ati on dynami cs. In addition the pelagic fur seal data base of over
4000 collected animals was anal yzed for a variety of distribution data. A
conceptual framework for the nodel was constructed and refined in a
wor kshop of fur seal investigators. From this framework, a nuneri cal
nodel was coded and tested to reflect data on population dynam cs of fur
seals and to simulate popul ation dynam cs and novenent patterns of seals
in the Bering Sea. This fur seal nodel has been linked to an oil spill
trajectory and weathering nodel to produce estimates of effects of oil

spills on the popul ation.

Two hypot hetical 10,000 barrel spill simulations were perforned. The
first was near Unimak Pass while the seals were entering the Bering Sea
fromthe @Qulf of Alaska in spring; the second was near the southern coast
of St. Paul Island in the nmiddle of July, when maximum nunbers of seals
were assunmed present at the rookeries. Because these spill sinulations
were selected to occur at times and places which result in substantial fur
seal nortality, they nay be considered “extrene cases” for spills of their
size, with |ow probabilities of occurrence.

Based on the 1986 popul ation, estinmated at 739,000 seals, the Unimak

Pass spill resulted in a nean of about 14,000 seals encountering oil.
Stochastic nodel components resulted in a standard deviati on about the
mean of about 1400. Depending on whether oil-induced nortality was

assuned to be 25% 50% 75% or 100% modeled differences in nunbers
between affected and non-affected popul ati ons ranged from about 16,000 to
nearly 24,000. Due to the timng and location of this hypothetical spill,
nmost of the seals affected (13,000 or 91% were females. Each pregnant
femal e dying due to effects of the oil also resulted in the [oss of her
pup, explaining why total resultant differences exceeded the nunber of
seal s actually encountering oil.

The simulated St. Paul oil spill resulted in a mean number of 17, 000
or 31,000 seals from the estinmated 1986 popul ation encountering oil,
depending on whether seals on the rookeries were assumed to stay on |and
and avoi d nearshore oil, or whether they were assumed to enter the water
at |east once a day whether oil was present or mot. In either case, 59%
of the seals oiled were females. I ncludi ng stochastic variability in the
nmodel and a range of oil-induced nortality rates (i.e. 25% to 100%, the
differences in nunbers between oil-affected and non-affected popul ations
varied from about 6,000 to 42,000 at the end of the year.

The percentage of the equilibrium population which dies from natural

causes each year is 16% for fermales and 29% for nales. For the 1986
popul ation with an added nortality factor, perhaps due to entanglement in

-X1-



net fragments (Fowler 1984, 1985), nortality due to natural causes plus
entangl enent is 18% of the fenales and 32% of the nmales over 1 year, In

conparison, the “extreme case” spill sinmulations herein would be expected
to oil and kill at nmost 4% of the population. Since the mumber of seals
oiled by a given oil spill sinulation is approxi mately proportional to

popul ation size, these percentages would be simlar at other popul ation
sizes, assumng a simlar age and sex structure.

The recovery time of the fur seal population follow ng perturbations
due to hypothetical oil spills was of particular interest in this study.
We defined recovery time as the time fromthe initial perturbation until
the difference between oil-affected and non-affected popul ati ons becane
less than a specified percentage of the non-affected population ’size. W
have used both 0.1% and 1% as neasures of recovery, noting that 1%is near
the level of accuracy for pup counts on the rookeries and, therefore, is a
measure of “effective” recovery tine. Recovery can be considered
“conplete” at the 0.1% 1 evel. The tinme for conplete recovery for the
maxi num oi |l -affected case was about 60 years. At the 1%l evel, which nore
closely reflects our ability to observationally discern popul ation
differences, the naxi mum recovery time was about 25 years. For the
smallest case simulated here, in which about 5,700 seals were killed, |ess
than 1% of the population was lost, a perturbation which would not be

nmeasurable in the field.

The nunber of seals oiled by a spill will vary considerably with
spill size, location and timng, and may vary with such nodel paraneters
as the number of discrete patches of oil, the shape of oil slicks, the
swinming velocities of seals and the nunber of feeding areas individual
seals wvisit. Ther ef or e, it would be desirable to conduct further
sensitivity analyses on the fur seal migration - oil spill interaction
component of the model. The results, combined with probability estimtes
for individual spill events, would generate a relationship between the
nunber of seals oiled and the probability of such an occurrence (Figure
1. In addition, oil behavior in the near-shore zone could be nere
explicitly nodel ed by incorporating the coastal zone oil spill npdel now
under devel oprment for MMS (Gundlach et al, 1986).

The popul ation dynam cs nodel may be applied to other problens
concerning the Pribilof Island fur seal population, such as the inportance
of lethal entanglenent and other potential causes of the population
decline since 1958. The significance of changes in entangl ement rate and
resulting nortality may be explored. Finally, the migration nodel, in
conjunction with the popul ation dynan cs nodel (or estinates of popul ation
sex and age structure), can provide estimates of fur seal densities in
time and space for applications in addition to interactions with oil spill

simul ations,

-xidi-
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Figure 1. Conceptual probability distribution of oil spill events

versus number of fur seals encountering oil. The arrow
i ndicates the location on the curve of the oil spill

simul ations reported here.
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1. I ntroduction

The Departnent of the Interior has delegated to the Mnerals
Managenment Service nost of the responsibilities on natters relevant to
mineral resource devel opment on the Quter Continental Shelf, subject to
protection of the marine and coastal environnent. Certain species of
mari ne mammal s whi ch may be in danger of depletion or extinction represent
special areas of concern to the MVB. The northern fur seal (Callorhinus
ursinus), for which the mgjority of the population breeds on the Pribiloef
Islands in the Bering Sea (Figure 1|-1) appears to be declining in nunbers
(Fowler, 1985a). Therefore, the northern fur seal population nay be
unusual 'y susceptible to perturbations such as mght be associated with
oil spills.

The purpose of this study was to estimate potential long termeffects
of oil spills on the Pribilof Island fur seal popul ation. A three stage
met hodol ogy has been used to achieve this purpose:

(1) review of literature on pinniped nodels and northern fur seal
bi ol ogy;

(2) conceptual formulation of popul ation dynam cs and m gration
model s with the capabilities necessary for estimation of oil
spill effects;

(3) coding, testing, and application of the nodel system to produce

estimates of long term effects,

Results of the literature review are sunmarized in Section 2, with

details given in the Appendi x. Fol |l owi ng conpletion of the review, a
prelimnary conceptual outline was created for a fur seal popul ation
dynam cs nodel which could be coupled to an oil spill nodel. Thi s

proposed nodel was then presented, reviewed, and anmended at a meeting held
at the National Mrine Mammuals Laboratory on February 28, 1985, in
Seattle, Washington. Participants other than the authors of this report
are listed in the acknow edgenents. An overview of the fur seal nodel
conponents (popul ation dynamics and migration) is described in Section 3,
with details of the nmpbdel and inplementation given in Section 4.

The oil spill nodel used in the study, and the |inkages to the fur
seal popul ation dynamcs nodel, are described in Section 5. Model system
sensitivity studies and simulation results are then discussed in Sections
6 and 7, respectively.
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2. Summary Literature Review

Literature reviews of rmorthern fur seal research on biol ogy,
physi ol ogy, population dynanics, and migrational patterns were perforned.
The most current literature is sumarized in the follow ng section.
Section 2.2 gives an overview of the background literature on pinniped
popul ati on nodel s.

2.1 Northern Fur Seal Literature

The body of research on northern fur seals is ext ensi ve.

exceeding the volune for any other narine nmanmal. Table 1 in the
Appendi x summarizes recent literature relevant to construction of a
popul ati on nmodel capable of evaluating the effects of an oil spill in

the Bering Sea.

Most ol der reports have been superseded by recent research t hat
more accurately reflects the current status of the fur seal herd. Many
of the data required for population nodeling are derived from
extensive pelagic collections conducted by the governments of Canada and
the United States between 1958 and 1974 (Kajimura et al. 1979, 1980a,

1980b) . Reproductive par amet ers such as age at first
reproduction and age-specific reproductive rates are best
sumarized in Lander (1980a; 1981), and York (1980a, 1983) . Pup

production estimates are relied on as the primary nethod of determning
trends adult fenales and the overall population and are included in annual
fur seal investigators' reports published by NOAA Pup production figures
conbined with nortality rates formed the basis for Lander’s (1980a) life
table on northern fur seals.

The northern fur seal population oOn the Pribilofs has
declined substantially in recent years (1960's - present). Part of the
cause for this decline appears to be t he herd reduction of nearly
300, 000 fenal es harvested on St. George and St. Paul from 1956 to 1968
originally conducted to increase productivity (York and Hartley, 1981).
The factors responsible for the continued contenporary decline have
not been determined;, a plausible hypothesis is lethal entanglement of a
l arge nunber of animals in discarded fishing nets which increased in rate
after 1965 due to changes in gear and fishing effort (Fowler, 1982;
1985a;b; 1985; Swartzman, 1984).

Sonme density dependent factors have been described in fur
seal s. Eber hardt and Siniff (1977) suggest that survival through
juvenile stages is the most critical dens i ty dependent paraneter.
Density dependent factors in fur seals appear to act at high popul ation
|l evel s near the population carrying capacity (Fowler, 1981; Eberhardt
and Siniff, 1977). How density dependence is reflected in population
dynam cs at depressed popul ation |evels remains uncertain.



M gration and seasonal distribution of fur seals. are critical

factors for evaluating the effect of an oil spill on the popul ation. Fur
seal distribution by age and sex is summmarized in Bigg (1982) and
Kaj i mura (1980). This information has been integrated with data on

onshore-offshore novenments and interchange of different sex and age
groups determned from behavioral research (Gentry 1981, Gentry and
Holt 1985, Gi bben 1979, Peterson 1968) in the devel opnent “of the
m gration nodel.

Feeding habit studies derived from vyears of pel agi c seal
collection indicate fur seal s are opportunistic feeders preying on a
wi de variety of fish and cephal opods (Kajimura 1984, Perez 1979). The
prey of fur seals includes species that are comercially harvested.
However, food does mot appear to be a limting factor for northern fur
seal s (Fowler 1982, 1985a, Swartzman 1984).

2.2 Pinniped Popul ation Mdel s

A total of 21 literature sources were identified in which pinniped
(seal or walrus) nodels are described (Table 2-I).

Table 2-1.  Pinniped Popul ation Mdels Identified
in the Literature

Aut hor s Pi nni ped Popul ation
Allen, 1975 NW At antic Harp Seal
Bulgakova, 1971 Russian fur seal
Capstick, et al 1976 NW At antic harp seal
Capstick and Ronal d, 1982 NW At | antic harp seal
Chapnan, 1961 Al aska fur seal
Chapman, 1973 Al aska fur seal
DeMaster, 1981 Alaska fur seal
Eberhardt and Siniff, 1977 Al aska fur seal
Eber hardt, 1981 Al aska fur seal
Flipse and Vellig, 1984 NE Atlantic hooded seal
Frisman, et al 1982 Tyuleniy |sland fur seal
Harwood, 1981 British gray seal
lett and Benjaminson, 1977 NW At I antic harp seal
Lett, et al 1981 NW At I antic harp seal
Nagasaki, 1961 Northern fur seal
Shaughnessy and Best, 1982 South African fur seal
Siniff, et al 1977 Antarctic Weddell seal
Smith and Polacheck, 1980 Al aska fur seal
Swartzman, et al 1982 Al aska fur seal
Swartzman, 1984a Al aska fur seal
Trites, 1984 Al aska fur seal
York and Hartley, 1981 Al aska fur seal



A large nunber of quantitative studies, such as the life table
studi es by Lander (1980a), or t he entangl ement mortality work by
Fowler (1982), are extrenely inportant for the understanding of
popul ati on biology and for the devel opnent of information bases upon
whi ch future nodeling studies depend, but they are not popul ation nodels
per se, and have not been included here.

Revi ews of the 21 models are summarized in Table 2, in the Appendix.
O these nodels, at least 11 are based on sone variant of the Leslie
(1945) matrix approach. The remai nder cover a range fromsinple, single
equation nmodels relating surviving pups to adult popul ation size

(“spawner-recruit”) nodels, to relatively conplex model s relating
survi val explicitly to food availability and seal energetic.
Popul ati on model s wi t hout dens ity dependent nechani sns are

generally unstable to perturbations in paraneters; only the nodels by
Allen (1975) and Trites (1984) do not contain some density dependent
survival or reproduction mechanism In all cases for which sone
sensitivity analysis was perfornmed, dmnsity dependent paraneters appear
at the top of the sensitivity hierarchy.

In nodeling the effect of potential oil spills on the Pribilof
fur seal population, it may be inmportant to consider processes such as
feeding, migration, and physiological energy balances for animls of
both sexes and at various stages of sexual developnent. A standard
femal e- based year-class Leslie mat ri x formulation is therefore
insufficient. Model s whi ch contributed most t owar ds the
conceptual i zation of the mde 1 for this project are Frisman et al
(1982) , Lett et al (1981) and Swartzman et al (1982). The work by
Frisman et al addresses a variety of age and sex groups. The nodel by
Lett et al, based on Lett and Benjaminson (1977), includes both males and
females, and sinulates natural nortality as a nornally distributed
stochastic  process. Swartzman et al (1982) is of special i nt erest

because of the focus on explicit predation relationships and seal
energetic .

None of the mdels reviewed addresses spatial distribution of
pi nni peds. The work of Swartzman et al (1982) represents a marginal
exception, in that seals are either on or away from the Pribilofs
depending on tinme of year. Explicit spatial distribution is a
crucial factor in coupling a fur seal nodel with an oil spill nodel for
ef fect assessnent purposes. This fur seal nodel is therefore a departure
fromall previous nmodels, although the collected experience of previous
bi ol ogi cal and nodeling work provides a valuable basis for nodel genesis.



3. Fur Seal Mdel Overview

This report section defines t he conceptual basis for t he
nurmerical nodel to assess the effects of potential oil spills on the
fur seal population in the Pribilof |Islands - Sout hern Bering Sea

region. Details of fornmulations and literature sources for paraneters are
given in Section 4. The physical distribution aspects of the proposed
nodel focus on the geographic area north of the Aeutian Islands,
although the northern fur seal migratory domain extends southward to the
California coast. O her limtations on the nodel are primarily those
enforced by the linmts of our know edge about northern fur seal s
thensel ves and the ecosystem within which they exist.

A schematic of the fur seal - oil spill nodel system is shown in
Figure 3-1. The oil spill trajectory and spreadi ng-weat hering nodel (top
circle) is a separate entity which supplies tinme series information to the
popul ation and mgration nodel (lower circle). The linkage between the
two nodels is acconplished through dynam c conparison of oil and seal
spatial distributions, and application of an oi | -induced
mortality algorithm within the population dynam cs nodel.

The fur seal population nodel addresses the dynam cs of
specific groups of seals, differentiated by sex, sexual status, and
age, as they feed, reproduce and migrate in space and tine. I ndi vi dual

points are used to track seal locations. Because conputational time (and
costs) increase approximately exponentially with the nunber of points used
to represent the population, each point represents a nunber of seals of
l'ike characteristics. The nunber of points used to represent the
population is |arge enough such that the modeled distribution is not
significantly different from observations nade in the wild. The status of

a seal group (point) is defined by the followi ng paraneters: age
(in days), sex, reproductive status (immature, mat ur e, pregnant,

| actating, territory-holding, non-breeding) , on land or at sea, oiled or
not oil ed. Associated with each seal particle is a location
(latitude and longitude), and seals nove in accordance WwWth a

ti me-dependent migration nodel and feeding cycles wthin the Bering
Sea, which are dependent on age, sexual and breeding status. When seals
are outs ide the Bering Sea, the ir spatial dynam cs are not
specifically si mul at ed, while population dynamics (fecundity and
mortality) are modeled for the entire annual cycle.

3.1 Population Dynamics

A schematic of the fur seal population model is shown in Figure
3-2. Pups born in June and July remain associated with the appropriate
mot her seals and nurse on land until wean ing in November. Mrtality of
pups is density dependent, in that mortality on |and increases with
increasing number of pups born. In addition, if a lactating seal dies due



OL SPILL MODEL | NPuT DATA

Study Area Defrmitron (grid system <
coastline) Environnental Data (w nd, :
current, and sea ice fields.) Ol Spill
Paraneters (source |ocation, spill

start tinme, dynamc release rate)

|

OIL SPILL
TRAJECTORY, SPREADI NG
AND
WEATHERI NG

MODEL

.

TIME SERIES OF AREAL
COVERAGE AND
WEATHERED STATE

NORTHERN
FUR SEAL

MIGRATION INPUT DATA
AND (mor talliity, ,
plregnameyy; ,

POPULATI ON DYNAM CS

and migration

rates))

MODEL

]

TABULAR AND GRAPHI CAL
POPULATI ON EFFECTS

Figure 3-1. Schematic of |linkages-for fur seal - oil spill
interaction nodel system



HARVEST

PUPS
~| 50% MALE
50”/0 FEMALE
AGE
|
AGE e |
2
h3 1
AGE -
3 )
FEMALES | MALES .
i
FEMALES § MALES AGES
4.7
Y
NON- BREEDING MOV BREEDING
ADULT FEMALES (JuLY)
Pi
(DEC.) (NOV.) TERRITORIAL
MALES
PREGNANT LACTATING
FEMALES FEMALES
(JULY)
Figure 3-2. Fur Seal population nodel stucture.

Bi (JUNE)




to oiling, her pup dies (of starvation) as well. Fifty percent of pups
born are assigned to each sex. Pups becone sexually mature at 4 years for
femal es and 8 years for nales.

Juveniles during their first 20 nmonths at sea are subject to density
dependent nortality proportional totheir nortality as pups on |and.
O der juveniles and adults die at age and sex specific density independent
(constant) rates,

Females older than four years becone pregnant according to
age-specific pregnancy rates (pi). Pregnant seals pup in June-July, and
are thereafter considered lactating seals until weaning four months
|ater, Seals whi ch do not becone pregnant that year (1 - pi) remain in
the non-breeding adult female category.

Mal es between the ages of 2 and 7 years may be harvested at
age-specific rates (hi) . Males reaching 8 years may hold territories.
Age-specific fractions (B;) of mature males are assigned territories in
June, which they abandon in late July.

3.2 Energetic and Feeding

Energetic and feeding should be included in the model if the
popul ation is limted by food energy. Whet her fur seal nunmbers are
limited by food availability has been reviewed recently by Fowler (1985a),
who concl udes that the fur seal population is well below the environment’s
carrying capacity, and is not limted by food intake in either the Bering
Sea or the North Pacific. The participants at the MMML neeting agreed
that this evidence, plus the additional uncertainties introduced by food
i ntake and energetic submodels, supplied sufficient grounds to exclude
t hese conmponents from the nodel. The uncertainties of energetic effects
have been addressed indirectly through various assuned |evels of recovery
fromoil contact, as explained in Section 7.

3.3 Mgration

Arrival and Departure Times: Bering Sea and Pribilof |slands

Bet ween Decenber 1 and May 1, rearly all fur seals are thought
to be south of the Aleutian Islands (Kajimura, 1980; Bigg, 1982).
However, since mo sanpling has been performed in the Bering Sea in

winter, and adult males are under-represented in cbservations south of the
Aleutians, sone males may renmain in the Bering Sea at this tine. The Qilf

of Al aska seenms to be a winter habitat for at | east sone adult mal es.

Wi | e appreciative of these uncertainties, all seals are assunmed to be
outs ide the Bering Sea between these dates in the nodel. Thus, no
explicit mgration similation is required for that tinme. All ani mal s
remain at sea (feeding) until the follow ng spring.



Seal s enter the Bering Sea through Unimak Pass at times
dependent on age, sex, and breeding condition. Since land counts on the
Pribilofs correspond with general migration schedule given by Kajinmnmura
(1980) and Bigg (1982), it is assuned that aninmals enter the Bering Sea,
with at |east sonme noving directly to the Pribilofs, In this way, |and
counts over tinme are used to quantify arrival and departure tines to
and fromthe Bering Sea. Arrivals and departures are distributed around

a mean mgration time for each  seal type. Bet ween each seal’s
arrival and departure date, it noves within the Bering Sea, between
feeding areas at sea and one of the various Pribilof rookeries and
haul ing grounds to which it was originally assigned. Speci fic rookery

and hauling ground locations and proportionate attendance are based on
l and counts by rookery reported by Kozloff (1980, 1982, 1985).

Some seals, nostly yearlings and two-year olds, do not return to the
Bering Sea, presumably renmaining in the North Pacific all summer and fall

(Kajimura 1980). The proportion of each sex/age category returning to
t he Bering Sea is uncertain. Assuming all adults return to the
Bering Sea, the ratio of immture seals to adult seals in the NWMFS
pel agi c col I ections made in the Bering Sea in

August - Sept enber (when seal nunbers peak on the Pribilofs) was used to
calculate the portion of immture seals returning. Thus, portions of each
age and sex remain outside the Bering Sea fcr the summer season.

Pregnant females return to land and give birth from late June
through July wth peak pupping in the second week of July (Barthol onew
and Heel 1953). In the nodel, pregnant females give birth to one pup each.
Specific nmother-pup pairing is retained in the nodel. The age, in days,
of the pup determnes the feeding and nursing schedule of the (now)
lactating female. [f the pup dies, or after the last mursing pried
on | and, the nother seal is considered nmbreeding (until pregnancy
is assi gned Decenmber 31). Pups remain on the Pribilofs until
Novenber, entering the surf and nearshore zones beginning July 20-31
(Barthol omew 1959). Both pups and nothers go to sea at weaning and |eave
the Bering Sea.

Mature males hold territories for an average of 47 days during June
and July (Peterson 1965, 1968) . Non-breeding and i mmature seals of both
sexes (age 1-3 years for females and 1-7 years for roles) arrive at
t he Pribilofs and return to sea throughout the season.

Fur Seal Distribution Wthin the Bering Sea

In order to deternine the mumber of seals affected by an oil spill,
their nmovements within the Bering Sea while f eedi ng nmust be
realistically sinmulated. Seals going to sea fromthe Pribilofs are
thought to feed within the Bering Sea for some period of time, and
then return to the Pribilofs. Anal ysis of time-depth recordings of
individual fermales (with pups) by Gentry (1984) and Centry et al (1985)
suggest that females, at least, swimdirectly to feeding areas, where

-10-



they dive, feed and rest for several days, and then return directly to
the rookery to nurse. The observed transit times out and back were
all less than 27 hours. Individual females seem to return repeatedly to
the sane feeding areas, whi | e there is great variation from one
individual to the next in where they feed.

To nodel these movements, potential feeding areas have been
identified and weighted by probability distributions for each age, sex
and breeding condition category. Wien seals |eave |and, they nove
directly to feeding areas, remain in the vicinity for the appropriate
feeding interval (moving at random within a designated area), and then
return directly to their specified rookery sites.

4. Fur Seal Model Formul ation Details
4.1 Popul ation Dynam cs
Reproducti on and Mortality Rates

Age-specific pregnancy rates provided by York (1979) are given in
Table 4-1 and Figure 4-1 and are assuned as birth rates. The pupping
season, i.e. when fenmles arrive on the rookeries, is 30 days in
length, centered on July 10, based on pup counts by Barthol omew and
Heel (1953, Section 4.2.1). The sex ratio at birth is assuned 1:1.

In the seal population nmodel, nortality 1is age and sex
specific.  Total mortality rate is the sum of natural nortality, harvest
rate (males only), and mortality due to  entangl enent in fishing gear.
Nat ur al nmortality rate estimates by age and sex are available from
sever al recent sour ces (Lander, 1979b, 1980a, 1981; Smth and

Polacheck, 1981; Eber hardt, 1981; Lander and Kajimura 1982). Those of
Lander (1980a, 1981, Figure 4-2 and Table 4-1 are used in the nodel, after
correction for harvest rates (not included here as part of “natural”

mortality). Mortality due to predation by killer whales, sea
l'ions, arctic f oxes (pups ) , etc. and  due to parasitism and
di sease is assuned to be included in the natural nortality estimates.

Constant nortality rates, such as those of Lander (1980a, 1981), assune
that nortality is independent of population density. Al popul ati ons,
including fur seals, mnust have sone density dependent control, or
popul ations would increase indefinitely or decrease to zero. Smth and
Polacheck (1984) and Fowler (1984, 1985a) have recently reviewed the
evidence for density dependent control of the Alaskan fur seal s.
Density dependent nortality has been best denonstrated for pups on | and
and for juveniles (less than 2 years old), and so density dependent
relationships for these age groups are included in the nodel.

The nortality of pups on land  appear:s to i ncrease Wi th
increasing nunmbers of pups counted in the rookeries (Lander 1979,
Swartzman 1984). In the nodel, natural nortality rate of pups on land is

-11-



Table 4-1. pregnancy rates (York, 1979), age-specific natural nortality
rates (Lander, 1980a, 1981) and harvest rate on inmature mal es
(Lander, 1980a) used in the population dynam cs nodel. The *
i ndicates rates which are density dependent and therefore not

constants.
Natural Survival Rate Mal e
% of Femal es (per vyear) Harvest Rate
Age Pr egnant Femal e Mle (per_year)
1 0 * ¥ 0
2 0 . 840 .78 . 028
3 0 . 920 17 . 403
4 4 . 940 .76 .573
5 37 . 940 .74 . 147
6 70 . 945 .72 0
7 80 . 950 .12 0
8 85 . 950 .12 0
9 87 . 938 .70 0
10 88 . 924 . 65 0
11 88 . 906 .63 0
12 88 . 884 .60 0
13 87 . 858 .55 0
14 84 . 876 .50 0
15 81 . 789 .43 0
16 77 . 743 .30 0
17 71 . 692 .20 0
18 63 . 630 .10 0
19 56 . 564 0 0
20 47 . 490
21 37 411
22 26 . 330
23 11 .300
24 0 . 250
25 0 .200
26 0 . 150
27 0 .100
28 0 . 050
29 0 0

~12-
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a function of the nunmber of pups born, following the functional
rel ationship drawn by Swartzman (1984, line SL in Figure 4-3).

Survival during the first 20 nonths at sea al so appears to be
related to the number of pups born, once estimates of entangl enent

nortality are accounted for (Fowler, 1985b). Chapman (1961) , Lander
(1979) , and Eberhardt (1981) found evidence of juvenile density
dependent survival in earlier analyses. The nodel uses the |inear

regression of Lander (1979b), relating survival rate of male seals jegg
than 2 years old to survival rate while pups on land (Figure 4-4). Fenale
juvenile seals are assunmed to have the sane nortality rate as males.

Lander (1980a) provides the estimates of harvest rates of male
seals (Figure 4-2). These val ues are used in all simulations reported
here. Thus , mal e harvest rates are assuned to be as for the 1970 s,
al though other assuned rates my be sinul at ed. Al though fenales were
harvested between 1956 and 1974 (commercially wntil 1968, and for
research purposes after that), it is assumed that there wll be m
future resunption of a fenale harvest.

Conpari son of Mdel ed and Observed Popul ati on Dynam cs

The popul ati on dynam cs nodel nmay be run w thout the associated
mgration conponent, to calculate nunbers of seals wer |ong periods of
time. The nodel is initialized with the popul ation distribution estimted
by Lander (1980a, 1981) and the reproductive, and natural and harvest (but
no entanglement) nortality rates cited above. |If a simulation is then run
until an equilibriumis reached (after about 300 years), the resulting
popul ation is about 1.16 mllion individuals with an age structure as in
Table 4-2. Figure 4-5 shows the annual cycle of fur seal nunbers with
births occuring between June 25 and July 25. The summer increase due to
births is balanced by mortality over the renmainder of the year. (The
maturation of immture females at age 4 causes the slight decline in the
imuature female curve near day 185.)

The population of 1.16 mllion seals is approximately equivalent to
the estinmated stock of 1979 (i.e., 1.15 mllion), as might be expected
since lander's (1980a, 1981) survival rate estimates were generated from

data collected nostly in the seventies. The equilibrium popul ation
distribution in the present mdel is simlar to Iander's (1980a)
equi librium distribution. Lander’s mpdel assunes constant survival rates

for all ages, whereas the present nodel includes density dependent
variation for ages less than 2 years. This difference accounts for the
slightly different population structure. Bot h Lander’s and the present
model assume the sane age-specific survival rates for ages 3 and ol der.

For the purposes of this model, and the interaction with oil spills,
the equilibrium population of 1.16 million seals will be wused in
simulating a current, steady-state population. Thus , the results will
reflect expectations if nortality and pregnancy rates remain constant at

~15-



Percent Mortality On Land

35

30

25

20

10

e 1914- 965
41966 - 983 St

SIG

100 200 300 400 500 600
Number of Pups Born (Thousands)

Figure 4-3. Aternate density dependent pup nortality curves. Data are

from Lander, 1980b. SL is the curve drawn by Schwartzman

(1984a) through the data; MAX and MN are the maxinum and
m ni mum curves tested here; UEN is a sigmid alternative to
MAX, SIGis a signpoid alternative to SL, and LONis a |ower
version of SL.

~16-



= 55

o

3

| .

@

a.

o 50

o

4p)

o

O 45

wn

£

preey

c

o]

=

> 40

[y,

[ g

o

=
—

- 35

v
=
b

g’ 760075
= 30

3
(A
©
2

> 25

[ &

3 fad
w K
©

[
S 20
£§ e56
/2]
w
15
79 83 87 91 95
Estimated Survival of Pups on Land(Percent)
Figure 4-4. Aternate linear regressions of juvenile nortality rate

as a function of pup survival. pa is from Lander 1979)
regressed on the data for 1950-1970; PC is the ’

same,
for 1950-1965 (before significant entanglenent is thoBHﬁt

agsgave occurred), and PB is for 1950-1965, excluding

—17=~



Table 4-2 Equilibrium fur seal population nunbers on January 1 resulting
from 300 years of sinulation using the reproductive and
mortality rates cited in section 4.1.

Pregnant Non- Pregnant .

Age Femal es Femal es Mal es Tot al
0 0 122295. 122525. 244820.
1 0 797009. 79084. 158793.
2 0. 58211. 56244. 114455,
3 0. 50734. 43858. 94592.
4 1893. 45440. 33433. 80765.
5 16500. 28095. 25037. 69633.
6 29392. 12597. 18303. 60292.
7 31827. 7957. 13172. 52956.
8 32294. 5699. 9431. 47424,
9 31166. 4657. 6706. 42529.

10 29074. 3965. 4575. 37614.
11 26753. 3648. 2915. 33316.
12 23998. 3272. 1791. 29061.
13 20723. 3097. 1029. 24848.
14 17391. 3312. 0. 20703.
15 13926. 3267. 0. 17193.
16 10077. 3010. 0. 13087.
17 6722. 2745. 0. 9467.
18 3917. 2300. 0. 6217.
19 2102. 1650. 0. 3751.
20 925. 1043. 0. 1968.
21 0. 0. 0. 0.
TOTAL 298679. 446704. 418103. 1163485.
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level s prevailing in the late 1970's, as estimted by Lander (1980a, 1981)
and York (1979), respectively. This equilibrium popul ation probably is
wel | below the potential carrying capacity of the environnent since the
popul ation of the 1970's (and in the nodel) is not limted by food or
spatial resources (Fowler, 1985a).

In order to reflect the recent observed decline in the popul ation,
estimates of entanglenent mortality are included. Mortality due to
entanglenent in fishing gear is difficult to estimate Since rates
of entanglement and the resulting effects are poorly known. Fowler
(1982, 1985b) and Swartzman (1984) provide estimates of percent of the
popul ation entangled, and Swartzman presented a nodel of nortality rate as

a function of entangl enent. Fowler (1285b) has argued that entangl enent
can account for the current popul ation declines observed in the
Al askan Fur Seal. This decline coincides with the increased usage of
pl astic fishing gear and observations of entangled seals.

Participants at the NMML neeting agreed that the probable cause of the
decline is entanglement, but nore study is required and other causes
remain under consideration (e.g. sublethal pollutant effects).

Entangl ement nortality rates were estimated using the analysis of
Fowler (1985b). Fowler found that the strong correlation between pup
survival on | and and male juvenil e survival over the first 20 nonths at
sea that exi sts when data for 1950-1965 is considered, breaks down when
the data of recent years is added. Using a regression for 1950-1965 to
cal cul ate an expected juvenile survival rate, the discrepancy between the
observed and expected is linearly correlated with the rate of entangl ement
observed in the nale harvest. The current entanglenent rate (0, 4% per
year) corresponds to a discrepancy of -0.15. This value is used in the
present model as additional nmortality of juveniles die to entanglenment for
up to 2 years of age (i.e., 0.15 is added to the natural mortality rates
cited above to yield total nortality over 20 months). Fowler (1985b) al so
estimates an entanglenment nortality rate for seals 2 to 3 years old from
the frequency of entangl enent of nales in the harvest by age. This rate
of 4.9% per year is nultiplied times natural mortality to give total
nortality for both males and females of 2 to 3 years of age. By using the
sanme entanglement nortality rates for males and fenales of a given age, we
are assum ng that entanglenment rate and subsequent mortality are functions
of age of seals, and not their size relative to the plastic debris present
in the Bering Sea and North Pacific. Thus, this is a conservative
assunption since fermal e entanglenent nortality could be higher than that
for males of the same age owing to their smaller size.

Esti mates of entanglement rates and mortality are not avail able for
ol der seals. Therefore a range of rates has been tried, and the resulting
simul ated population rate of decline conmpared to the observed rate. Since
younger animals appear to suffer higher entangl ement mortality rates
(Fowler, 1985b}), adult entanglenent nortality is not likely to be greater
than the 4.9% rate of 2 and 3 year olds. The resulting decline for the
range of O%to 5% is shown in Table 4-3. As nay be seen in Table 4-4, the
assunption that adults and 2 to 3 year olds suffer the sane 5% mortality
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Tabl e 4-3.

Tabl e 4-4.

1984
1985

Resulting annual population decline over the first ten years

after initializing the population at equilibrium (1.16 mllion
seals) as a function of the rate of entanglement mortality of
seal s over 3 years of age. Juveniles are assuned to suffer an
additional 15% nortality over their first 20 nonths at sea and
5% nortality during the year from 2 to 3 years of age (Fowler,
1985b) .

Ent angl enent Resul ti ng

mortality Popul ati on
for >3 years Decl i ne

(% per vyear) (% per_year)

VB W o
S UA s ww
N U100 N~ =

Qbserved (estimted) fur seal stocks (in August) by year from
1979 to 1985, observed population decline, and nodel
population (Jan. 1) with entanglement included starting from
the equilibrium (1979) population. Estinmates for 1979 to 1983
are from Briggs and Fowler (1985). Those for 1.984 and 1985
were calculated from estinmates of the number of pups born on

St. Paul | sl and t hose years (173,274 and 176, 992,
respectively, C.W. Fower, pers. comm, ) following the
procedure of Kozloff et al (1985). Entangl enent nortalities
assunmed in the nodel are: an additional 15% nortality of

juveniles at sea up to age 2 years over and above cal cul ated
juvenile nortality based on pup nortality on |and (Fowler,
1985b); 5% nortality for age 2-3 years (Fowler, 1985b); and 5%
mortality for ages >3 years. The rate of decline of the nodel
popul ation is 6.2% per year.

Observed oserved Mbdel
St ock % Decline From Popul ati on
Year Estinate Previ ous Year Wth Entangl ement
1153826 6.7 1163485
1980 1100545 4.6 1071621
1981 998266 9.4 998510
931642 6.7 936371
870900 6.5 882037
861500 1.1 832778
808100 6.2 785066
738731
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rate due to entanglenment, results in a 6.2% per year popul ation decline

and a close match to the stock estimates for 1979-1983. The stock
estimate for 1984 is suggestive of a slowing of the decline, but the 1985
estimate is still 6.2% | ower. Thus , the 6.2% decline is assuned to

continue to 1986 in the nodel as a extreme-case assunption. To the extent
that the decline has slowed in the last 2 years, the modeled 1986
popul ation is slightly underesti mated (by about 2%. The decline in the
model popul ation from 1979 to 1986 is plotted in Figure 4-6a.

Figure 4-6b shows the fate of the population after 1986 if current
entangl enent nortality rates and the age specific natural mortality rates
remai n constant for the next 100 years. The curvature is due to the
densi ty-dependent functions for pup and juvenile nortality rates. The
model estimates that the fur seal population wll decline to 4000
i ndividuals after 100 years at these races, and to extinction in 140
years . Qobviously, this nodel result accentuates the need for further
study of entanglenent nortality, and other possible causes for the recent
decl i ne.

In assessing the effect of oil spills on the fur seal population, the
simul ated 1986 population was wused in addition to n-ins with the 1.16
mllion equilibrium popul ation. Figure 4-7 shows the annual cycle of the
1986 population and Table 4-5 gives the age structure on January 1.

The linear relationship between juvenile survival and pap survival on
land (Figure 4-4) provided by Lander (1979b) includes data after 1965 (to
1970), when entangl enent is believed to have become significant (Fouler,
1985b) . Thus a regression (using the mthodology in Fowler, 1985b),
including only 1950-1965 data, was conpared to the results using Lander’s
equation (Figure 4-4). In addition, the pup nortality curve as a function
of number of pups born was varied within the range of possibilities seen
in the data (Figure 4-3). The resulting equilibrium popul ations are
tabulated in Table 4-6. Varying the regression equation used for juvenile
survival from the 1950-1970 line of Lander (1979b) to that for 1950-1965
i ncreased the equilibriumpopul ation slightly. Varying the pup nortality
tune, which is associated with nuch nmore variability in the data, has a
|l arger effect. However, the highest population size obtainable, wthin
the range of pup and juvenile nortalities observed, is 1.7 mllion seals.
This value is short of the 1950’s stock size of just over 2 mllion.
Therefore, the estimated nortality rates used here my be higher than
those prevailing in the 1950's, or reproductive rates may now be | ower
than previously occurred. I't is also likely that wmortality and
reproduction rates of older seals vary wth population densities,
al though evidence for this has not been dmonstrated to date (Foul er,
1984) .

In an attenpt to simulate the 1950s population of about 2.2 mllion
seals, earlier estimates of pregnancy and nortality rates were sought.
The juvenil e mortality curve which does mot include recent entangl enent
(l'ine PBin Figure 4-4) was used in all cases. Pup mortality was assuned
to be as tune SL, Figure 4-3.
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Table 4-5. Sinulated 1986 fur  seal popul ation  nunbers by age,
reproductive condition, and sex on January 1.

Pr egnant Non- Pr egnant
Age Fenal es Fenal es Mal es Tot al
0 0. 84319. 83748. 168067.
1 0. 49498. 51713. 101211.
2 0. 35653. 33593. 69247.
3 0. 29818. 26317. 56135.
4 1105. 26530. 19161. 46796.
5 9098. 15492. 14261. 38851.
6 15310. 6562. 10260. 32132.
7 16957. 4239. 7013. 28209.
8 20566 3629. 6008. 30204.
9 21736 3248. 4709. 29693.
10 20343 2774, 3201. 26317.
11 18690. 2549. 2042. 23281.
12 16775. 2288. 1254, 20317.
13 14442. 2158. 723. 17322.
14 11963. 2279. 0. 14242.
15 9665. 2267. 0. 11932.
16 7105. 2122. 0. 9227.
17 4660. 1903. 0. 6563.
18 2751. 1615. 0. 4366.
19 1464. 1150. 0. 2614.
20 650. 732. 0. 1382.
1 231. 394. 0. 625.
22 0. 0. 0. 0.
TOTAL 193510. 281219. 264002. 738731.
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Tabl e 4-6. Equilibrium fur seal population (thousands) resulting from
variation in the density dependent pup and juvenile nortality
functions. The labels MAX, UEN, SIG SL, LONand MIN refer to
the hand-drawn curves in Figure 4-3 relating pup nortality to
nunber of pups born. The curve labeled SL is the line drawn
by Swartzman (1984b) through the data, Juvenile survival rate
as a function of pup survival rate is shown in Figure 4-4.
The line labeled PA is Lander’s (1979a) regression for the
data 1950-1970, PC is the sane, but for 1950-1965 (before
entangl enent was significant, Fowler 1985b), and PB is the
1950- 1965 data excl udi ng 1956.

Juvenile Year s 1950- 1950- 1965 1950-
Sur vi val | ncl uded 1970 (excl. 1956) 1965
Vs .
Pup Sl ope 1. 425 1. 467 1.977
Survi val I ntercept -0.83 -0.85 -1.29
Label PA PB PC
MAX 952 990 1030
Pup
Mrtality UEN 930 964 1005
Vs SIG 1171 1224 1284
# Pups SL 1163 1253 1316
Born
LOW 1183 1263 1343
M N 1580 1668 1738
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Three alternate data sets of pregnancy rate as a function of age were
tried. Only those rates for fenal es between ages 4 and 11 were vari ed,
since alternate estimtes for ol der ages were not found. From Chapman
(1961), pregnancy rates for aninals collected in 1958 and 1959 were
averaged. From Chapnan (1964), estimates for the years 1958 through 1961
were used, as reported in Smith and Polacheck (1981). For both these data
sets, pregnancy rates of 4 to 6 year olds were significantly higher than
the estimates of York (1979) which included data from later years of
col I ecti on. However, this change in pregnancy rate had relatively little
effect on the resulting equilibrium population size (up to a difference of
10,000 seals, just under 1% of the total population). The third data set
tried was that based on Japanese collections of 1958 through 1960, as
reported by Smith and Pollacheck (1984). These rates were 54% 86% 87%
94% and 95% for fenales aged 4 through 9 years. The resulting popul ation
size using this data was 1.28 mllion seals, only 2% higher than the 1.25
mllion population obtained using York’s (1979) |ower preghancy rates.
Since the Japanese collection estimates are the highest observations which
are reasonabl e, it is not possible to account for the higher 1950s
popul ation size by a change in pregnancy rates. Therefore, nortality
rates nust have been lower in the 1950s than those used in the standard
equilibrium rmodel of 1.16 million seals.

Mortality rates of juveniles less than 2 years of age are the |east

wel |l known rates for the various age classes. In the standard nodel,
femal e juvenil e mortality is assuned to foll ow the same density dependent
function as estimted for males. However, Chapman (1961, 1964) provides

evidence that fenmale juveniles may have higher survival rates than nmal es,
at | east during the 1950s when the population was at its highest |evel.
Based on tagging returns and accounting for lost-tag biases, he estinated
that fenale survival to age 3 averaged 1.64 tinmes that of males using
1950s data. However, based on other analyses, Chapman (1964) felt that a

ratio of 1.27 was a nore realistic estimte. His various estimtes, in
fact, fall into two groups: one set averaging 1.27 and the other
averaging 1.74, wWith nore data supporting the latter and Chapnan
preferring the forner as nore realistic. Thus , both val ues were tried

here. Since the ratio of fenale to male survival fromage 2 to 3 is 1.08
(Table 4-1) and pups of both sexes are assumed to suffer equal nortality
while on land, the ratios of survival to age 3, 1.27 and 1.74, are
equivalent to 1.2 and 1.6 tines as many fenmales as males surviving their
first twenty nonths at sea, respectively. In the standard popul ation
nodel where female survival to age 2 is assunmed equivalent to nale
survival, the ratio of female to male survival to age 3 is 1.08. Assuming
female juvenile survival is a constant proportion of male juvenile
survival at all population densities, line PB (Figure 4-4) for nmale
juvenil e survival, tune SL (Figure 4-3) for pup nortality, and the adult

nortality rates in Table 4-1, the popul ation nodel was run using these two
possible ratio values for fenmale to male survival while juveniles at sea.

Figure 4-8a and b show the increase fromthe 1.16 mllion equilibrium
popul ation and the resulting steady-state popul ations.
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Assuming a female to male juvenile survival ratio of 1.27 over 3
years increases the equilibrium population substantially, to 1.73 million

seal s and 442 thousand pups born each year (Figure 4-8a). This level is
still somewhat short of the 1950s popul ati on level estimates of 2.0-2.2
mllion seals and 550 to 580 thousand seals born (Briggs and Fowler,
1984) . If the ratio of 1.74 is assuned for fenale to male juvenile

survival, the population initially oscillates between 1.9 and 2.0 mllion
seals with 491 to 573 thousand pups born each year, end after 50 years
settles to 1.95 nmillion seals and 525-555 thousand pups born per year
(Figure 4-8b). The oscillations danp out after 200 years of simulation to
1.95 mllion total seals and 540 thousand pups born per year. The number
of pups born in this nmodel population is close to estimte pup counts
between 1949 and 1958, but the total population is just slightly Iess than
that estimted by Briggs and Fowler (1984) for the 1950s. If the female
to male juvenile ratio is assunmed to be 1.82, the equilibrium popul ation
is increased to 1.8 to 2.1 nmillion seals, oscillating on a 22 year cycle
(not shown) with 548 to 645 thousand pups born per year. Wiile this
popul ation size is closer to Briggs and Fowler's estimates, the pup
nunbers are too high, Si nce popul ation estinates are based on pup
numbers, the closer match to rumber of pups borm is probably the better
simulation of the 1950s population (i.e., Figure 4-8b).

A simulation was run using 15% of the 1950s equilibrium popul ation of
Figure 4-8b as the initial population size, thereby initializing with a
popul ation |evel equivalent to the estimated total size in 1912. The
resulting popul ation model response is shown in Figure 4-8c and d. Bot h
total population nunbers (Figure 4-8c) and nunber of pups born (Figure
4-8d) agree with estimates of field populations up through the start of
the fenmal e harvest in 1956, which is not sinmulated in the present nodel.
The rate of increase in pup production matches observations extrenely
well. Estimated pup production in the field remains in agreement with the
nmodel until 1960, when the effects of fenmale harvest were first felt
(Figure 4-8d4). Thus, the nortality and pregnancy rates used in the model
appear to be very realistic, at least for the first half of the century
before femal e harvest and entangl enent, or other causes of the current
decline.

The simul ated population in Figures 4-8b, c and d oscillates on a 23
year cyecle. Allen end Basasibwaki (1974) have shown that the period of
mej or oscillations in nodel populations is equivalent to tw ce the average
age of reproduction, which for fur seals is about 11 years.

The oscillation s induced in the mdel by the differential
densi ty-dependent survival rates of juvenile males and femnales. Since
survival rates of older females are higher than those for males (Table
4-1), the assunption of higher rates for female juveniles seens
reasonabl e. However, the density dependence of fenale juvenile survival
i s unknown, since the only data available is from a single population

si ze. The difference between male and female density dependence
determ nes the anplitude of the oscillations in the population, and the
model is very sensitive to the value of this ratio. Cearly, estimation
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of female juvenile survival at |ower population sizes would increase the

reliability of the nmodel. As no estinates of fenale juvenile survival are
available for the current population, differential survival was not
assuned for the standard popul ations used in the oil spill runs reported
here.

The pup mortality curve assumed in the nodel also has a |arge

i nfluence on the resulting population size (Table 4-6). Better estimates
of density-dependent pup nortality rates would greatly inprove the
accuracy of the nodel. A function relating pup nortality to density on

t he rookeries woul d perhaps be nore accurate than a function of total pups
born, particularly if the size or mnumbers of rookeries change wth
changi ng popul ation size.

For the sinulations of Figure 4-8, harvest rates of nales were

assuned to be zero. However, inclusion of harvest rates up to the val ues
in Table 4-1 does not influence the resulting population size
significantly. The total population is reduced by less than 2% on

average, wthin this range of harvest rates, a |level which would be
undetectable in the natural popul ation.

4.2 Mgration Model

Description and I nput Data

Seal s enter the Bering Sea via Unimak Pass according to probability

distributions which vary by sex, age, and reproductive status. Once
through Uninmak Pass, seals nove towards their various destinations
at estinated sw nming speeds. Pregnant fenales and nature nales

proceed directly toward their respective rookeries on the Pribilofs.
O her seal types nove to the islands or to feeding areas at sea, based on
probability distributions derived enpirically.

Pregnant ferales give birth upon arrival on the Pribilofs. Their
arrival times for pupping are assuned to be as observed by Barthol omew and
Heel (1953), as shown in Figure 4-9.

Pregnant fenmal es (and other seal types are) distributed among 21
rookeries based on land counts of bulls (Kozloff, 1985), under the
assunption that other seal types are in constant ratios to bulls from
rookery to rookery. Rookery | ocations and portions of the total
popul ation identified with each are shown in Figures 4-10a and b,
and Table 4-7. Pregnant females in the nodel swimtowards their rookery
destination at about 40 km per day with both direction and velocity
containing a random conponent (+1% and  +10%, respectively) . The
assumed velocity allows fur seals to travel from Unimak Pass to the
rookeries in about two weeks, which is the approxinmate time between the
maxi mum flux of fenales passing through Unimak Pass (Bigg, 1982) and their
arrival on the Pribilefs (Barthol onew and Heel, 1953 and Figure 4-9).
Thus pregnant females enter  Uninak Pass over t he one mont h

-32-



125 ADULT FEMALES
11

10

PERCENT ARRIVING
T

] 20 40 &8¢ 8o 100 120 140 160 180 200 220
DAYS SINCE MAY 1

129 ADULT MALES

10—

PERCENT ARRIVING

a 20 40 &0 -1 100 120 140 160 180 200 220
DAYS SINCE MAY 1

12+ IMMAYORE MALES

PERCEHT ARRIVING
@«
1

1 N )
[ 20 40 &0 80 100 320 140 160 1B0 200 220
DAYS SINCE MAY 1

Figure 4-9. Distribution of arrival times of fur seals on the Pribilof
rookeries assumed in the migration model.
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Table 4-7. Mal e Fur Seal Distribution on 21 Existing Rookeries.

Rookery Name # Bulls % of Tot al
# Bul | s
st. Paul | sl and: 9776 74.3
1 Lukani n 230 1.8
2 Ki t ovi 466 3.5
3 Reef 1086 8.3
4 Gorbatch 688 5.2
5 Ardiguen 64 0.5
6 Morj  ovi 739 5.6
7 Vostochni 1791 13.6
8 Littl e Polovina 260 2.0
9 Polovina 445 3.4
10 Polovina Ciffs 648 4.9
11 Tolstol 1018 1.7
12 Zapadni Reef 316 2.4
13 Littl e Zapadni 620 4.7
14 Zapadni 1405 10. 7
st. George | S| and: 2729 20.7
15 Zapadni 327 2.5
16 Sout h 400 3.0
17 Nort h 1057 8.0
18 East Reef 256 2.0
19 Bast Ciffs 436 3.3
20 Staraya Artil 253 1.9
Total both Islands 12505 95.0
21 Sea Lion Rock (Siwvutch) 658 5.0
Total Bulls 13163 100.0
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distribution observed for their arrival at the Pribilofs, pre-dated
by two weeks. Non- pregnant fermal es are assuned to enter in the sane

distribution (Bigg, 1982).

Mature nmal es enter Unimak Pass and head for the Pribileofs in the sane

mrine r, using arrival times from bull counts by Peterson (1965) for the
tenporal distribution. Li kewise, immture males enter according to the
di stribution observed by Gentry (1981). Assuned arrival tines in the

mgration nodel are shown in Figure 4-9.

Anal ysis of migration patterns in the Pacific and passage through
Unimak Pass has shown that younger animals enter at progressively

later times (Bigg, 1982). In the nodel, increasing lag tines are
incorporated with decr easi ng age, using Bigg’'s estimates. Three
year-old females are lagged 4 weeks after adult females. Two year old

females lag 3 weeks after 3 year olds, and yearlings 3 weeks after that.

Al seals older than 3 years are assumed to return to the rookeries
each year. The portion of yearlings, 2 year olds and 3 year olds
returning was calculated by conparing the percent by age found in the
pel agic sanples to the percent in the equilibrium nodel popul ation. The
resulting portions of each sex assumed to return are 0.7% for yearlings,
22% for 2 year olds and 98.5% for 3 year olds (assunmed for both sexes).

Once in the Bering Sea, non-reproductive aninmals mve anong feeding
areas and their respective rookeries according to their probability of
being on land on any one day. Gentry and Holt (1985) estimated that
inmmature rides spend an average of 19.4%of their tinme on |and. They
estimated non-breeding fenales are on |land about 10% of the tinmne. These
values are assunmed for all ages of non-breeders of each sex.

The portion of bulls holding territories is assuned to be 72.4% up to
a maxi mum of 12,827 territories. This maximum is based on analysis of
territorial and total Bbull counts on Pribilof rookeries (Kozloff,
1985) , showing a linear relationship between the nunber of territorial
bulls and the sumof territorial plus idle bulls. There appears to be a
mexi mum of about 12,800 territories on the 21 existing Pribilof rookeri es,
in that territorial bull numbers have not exceeded that nunber since the
early 1900s regardless of total bull numbers. In the nodel, it is assuned
that no more than 12,927 bulls may hold territories, although it 1is
possible that this ceiling, and the nunber of existing rookeries could

change in nature at some time in the future. Idle bulls are treated as
other non-reproductive males in their distribution patterns, as are
territorial bulls once they |eave the rookeries. Territories are

apportioned armong bulls of various ages according to observations by
Johnson (1968, Table 4-8). Territorial mles remain on land for an
average of 47 days, uniformy distributed between 17 and 77 days

(Peterson, 1965). In the nodel, territorial males have an equal (1/61)
probability of leaving their territories each of the 61 days follow ng
their 16th day on |and. After abandoning their territories, bull's

behave as ot her non-breeding mal es.

-37-



Tabl e 4-8. Percent of territories held by bulls of various ages in the
model (after Johnson, 1968).

Age Percent of Territories
7 0.0
8 3.5
9 9.6

10 24. 7

11 23.7

12 10. 2

13 16. 2

14 6.6

15 3.0

16 2.5

17 0.0

Tot al 100.0
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Lactating adult fenmales follow well-defined schedules of nursing
on land and forage trips to sea. The analysis of Gentry and Holt (1985)
provi des estimates of length of visits to land. The first visit of the
female to land for pupping and subsequent wmursing averages 7,4 days,
subsequent visits to land for nursing average 2.2 days, with the final
visit averaging 3.3 days. In the model, visit |engths vary about these
nmeans (rounded to the nearest full day) based on distributions provided by
Gentry and Holt. The durations of visits on land for lactating females in
the nmodel are shown in Figure 4-11, During the first visit, pregnant
femal es are assuned to give birth to pups the first day on |and. CGentry
and Holt found that the duration of the feeding trips to sea increased
linearly with the age of the pup, and this was incorporated in the nodel.
In the model, their equation for East rookery (duration - 0.04 x +4, where
x = age of pup in days) was used to calculate a nedian duration. The
actual duration used in each instance was choosen at random from the range
of median duration + 1.5 days. Centry and Holt also found that adult
non-reproductive females nove on and off the rookeries at random
this behavior is reproduced in the nodel.

Foraging trips to sea for all seal types may be directed to any one
of 174  foraging areas defined as 1 degree longitude by 1/2 degree
|atitude grids (Figures 4-12a, b, and c). The choice is nade according to
a probability distribution wvhich 1S di stinct for pregnant and

| act ating femal es, non-reproductive females, and males. The
probability of choosing any one feeding area is equal to the estimated
portion of the total population (by type) using that area to feed, i.e.

the relative density of feeding aninmals in the longitude-latitude defined
feeding area.

To obtain estimates of relative density, available pelagic fur seal
data were anal yzed. Pelagic fur seal cruises in the Bering Sea,
conducted by the forerunner of the NMWL (i.e., the Marine Mammal
Bi ol ogi cal Laboratory) 1958-1974, col l ected over 4000 seals as well

as sightings from over 3600 hours of observation. Resulting data on
food habits, age class end sighting frequency have been nmerged to
approximate relative densities of feeding fur seals. The study area was

di vi ded into grids of 1/2 degree latitude by 1 degree |ongitude.
Sightings per hour were calculated by

Si = YL mnji/ L ti
J h|

wher e
Si = sightings per hour in feeding grid i
“ni = nunber of seals sighted in grid i on cruise j

J

-39-



'o"l FIRST VISIT
50—
o
e
-
= 40
(13
Lo -
& 30
-
z
w I .
: L
S 204
<
10~
¢ T T Tt T 3 T T T ; ¥ }
¢ 1 2 3 4 S [} 7 .} 8 10 1 12
DAYS SPENT ON LAND ’
eo} woote VI SI TS
504
(2]
G
<
£ 40~
w
b -t
% 30—
-
z
z
0
E 20
e l_—
10=
¢ i ] T ) T 1 T T T T ¥ i
[} 1 2 3 4 S ] T -3 ] 1ic 1" 12
DAYS SPENT ONLAND
80+ LAST VISIT
50
0
o
2
£ 40
(7]
L -
5 30~
-
z
“3" —
E 20+
&
o + - ) T T T 1 T T T 1 . 1
0 2 3 4 § ) 7 8 $ 10 11 12

DAYS SPENT ON  LAND

Figure 4-11.

Duration of visits to land for lactating females assunmed in

the nodel.

~40-




Key: Solid =>2%  + = 1-27, = 0.5-1% =< .5%, enpty cell within boundary = 0%
178 180 178 176 2 172 170 168_ 166 164 162 160 158 156 154 52 |
, .
q 61
o] 4
. Poast
L N 5
wy || i o4 I
' B T il e \ s '
J ' L/..‘.—J Ly
. . (2 L 1 ~_ |59
- - {7 Jk\i?h
+ ] =1 +]+ —~ 58
-1- + + |+ . 4 ;ﬁ
- 3 5$
+ - + / :JV‘ #’d
+ + - I-1-1- .
' // 7 56
- - -//,,. il
. +| - (&r @ ' 55
)
. - + -
_ —fert bl
. 3 .| + - :’ﬂ‘ 54
- wl » « e | XY
w ] e ..‘ﬁk 53
I N L 172
A -ff“ DI 5.2
Figure 4-12a. Percent of pregnant or lactating femal es using individual feeding areas, ased . on
stomachs times observed seé? aensities.

percent of collected seals with partially ful



A

€S

7S

g5

9%

LS

8S

66

o3

1=

Z9

poA1®@SQO S°W3 S dBWOIS [TN3 £11ey3azed yiym sTeas paldaf(od jo jusoxad uo poseq
<gpaie Juipeej Tenprarput Suysn sade [TB JO SITEWI] aaTjonpoadai-uou JO 3Juadidg

*S8T1Tsuap TEeS

.JNMIQ 2an31]

¥
lc
-u.‘ + 1 + o 1 « | <} *
ey —1
, " + + 1+ ]
O SaaNED EENNEDERE
D -\Lﬁi\ﬁ 4 i R R B o B -] . .1
) mw \\ 11 -1 -1 1+ -1+ -1 1- (11
I!I'“L-\ Tﬁ\ .« b . ..r.. +...-..W
2 ‘\\ : A PO I I B B G IS B
= i ¢ | A N EE
VIS . .
| + [+ |+ ' -1
Y = .| - A At . - 1- . I
N 279 T
w 7 A ¢ i pat , o] o | - < 1. n 1. . .
\khlx‘:\\l— , »w | e | » | e * « 1l [ & 1. 1 .
‘E /I\\\.Ja\ _+
ww./,r,\\.p M_
RS
‘M
3T 96l @6t 091 ¢at #9991l 89l 0Ll c¢ib vl 9/t 8.t o8t 84t
90 = Kaepunoq uTyatm [Te0 £3dwe €yg:>= ° %160 = - ‘4T71 =+ ‘g7 <= PTTOS :43Y

42—



-=-g<|7_

Key: Solid =>2% + = 1-2% - =5-1% =<.5%, enpty cell wthin boundary = 0%
178 180 178 176 174 172 170 168 166 164 162 160 158 156 154
[ A I R R A D s ol I
y ’&)—’% )L
-rﬁ"‘
NI E!
d 4b—+ 1 )
- - | \ LA
i (s s o
e |- . vd e i ini
: ' kA T\
4
EIENETEE ++ | -
1 1.1.‘1.Jr I + |+ - +1 ) ‘\7 ]
Loty | 1, + I / | ﬁ '
- +| . 3y 4
' 1 1 1 b, o4 / ,\Shr ;’Dl..—.
-F .1 ‘1.}. . l g+ -+ ] '
IR 2 - , 'J//p‘iﬁyqr“ a
R T R T S P I - |- . P
+ J¥ﬁ fH-
. + |+ +..|._
3
il Bl o
NI BT
& —ﬁ:@o

Figure 4-12c.

Percent of mmle seals of al

ages using individual feeding areas, based on percent

of collected seals with partially full stomachs times observed sea

densities.



tyy = number of observation hours spent in grid i on cruise j.

Little observation effort was expended east of 162° Wand no fur
seal sightings were made.  Therefore, this region was excl uded
from consideration and seals are assuned not to travel east of 1620 W once
in the Bering Sea. Sightings per hour in all cells for which observation
tines were greater than 0.4 hours were calculated. To separate
feeding areas from areas through which seals are nerely passing, percent
of stonmachs t hat wei ghed at least 2.5% of the body weight were
cal cul ated for each grid. These percents were nultiplied by t he
si ghtings per hour to determine a Feeding Animal Sighting I|ndex
(FASI) for each grid. This index forns the core of analysis of relative
i mportance of each area to feeding fur seals.

Age class and sex of animals in each grid were determned as a

percentage of the total animals collected. These percentages were
multiplied by the FASI (above) to derive an i ndex for each
popul ati on category. Finally, these indices were totalled for each
category and the percent in each grid was cal cul ated. The result, which

we term the Final Feeding-Density Index (FFDI)s an estinmate of
relati ve abundance of feeding fur seals for each popul ation category
in each grid as a percent of the total nunber of animals for that
category.

Gven that animals also occur outside the Study area, we have had
to nmake sone extrapolations to areas on the periphery of the sanpled
ar eas. These extrapol ations were perfornmed in two steps. To limt the
noi se resulting from using percentages of different age and  sex
categories (low sanple size would not be reflected in the index), adjacent
cells were pooled into blocks on the periphery so that each block
had at |east 20 collected seals. The first step in the extrapol ation
procedure was then to distribute the pooled value (FASI nultiplied by
percentage for each category) for a block to the individual ecells in that
bl ock. Each cell was assigned the block value end then included in the
totals in calculating the FFDI. For exanple, a hypothetical bl ock
m ght contain 3 calls . The data in the cells were pooled, the FASI
determ ned end nultiplied by the percentage of each age and sex
category. This i ndex was assigned to each of the 3 cells. \Wen the FFD
was cal cul ated, the values in each cell were added to all other values
for that category to derive the denom nator for the percentage in each
cell. In this mriner, all cells wth collection data were assigned
an FFDI.

The second extrapolation step was required to determine indexes
for areas that had no collection data and very few sighting data.
From Kajimura (1980a,b,c), who sunmmari zed data from opportunistic
sightings, and Townsend (1899), who summarized historical pelagic sealing
data, there appear to be fur seals in areas outside the areas in which
NVFS  collected seals. To determine the portion of animals outside
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the core and block areas, we first used sighting data. From t hese data we
drew broad borders for this outer zone (e.g. Figure 4-12a) . Thi s
outer zone consists of 100 cells. Al cells in the outer zone with
sighting data (15) were pooled (total seals/total hours) to arrive at an
average sighting rate for the outer zone. The sane was done for the core
and bl ock areas. This sighting rate was nultiplied by the nunmber of
cells to derive a sighting index for both the core and block areas and
the outer  zone. From this analysis, the density of seals in the
outer zone relative to the core plus block areas was determ ned. FEl even
percent (11% of the seals were calculated to be in the outer zone. Thus,
the FFDI for the core and bl ocks was reduced to 89% and the other
11% were evenly distributed throughout the outer zone (100 cells).

Age and sex categories were pooled to increase sample si ze.
I nspection of the data showed that different age classes of males have
smal 1 sanple  sizes. A matrix of correlations between the mumber of
collected seals in each cell for different age and sex categories was
run. From this analysis, |ocations of nales of all age classes had nore
in conmon with each other than wth females of any age. Thus nal es
of all ages formone category for the FFDI  (Figure 4-12¢). Pregnant or
lactating mature (4 or more years ol d) females form another category
(Figure 4-12a) and non-reproducing females (all  ages; Fi gure 4-12b)
formthe third category. Yearlings were not added to any category.

Al t hough many age classes are  pooled for the distribution
figures, age ~classes are considered separately in the model because
of differences in: 1) the arrival and departure tines of different age
groups, 2) the proportion on Jland at different tines, and 3) the
proportion entering the Bering Sea. Data on yearlings were not
consi dered since the sanpl e Si zes were insignificant. The
distribution of the small portion of these animals that enter the Bering
Sea late in the season is assuned to be the sanme as for the other
immature animals for their respective sexes.

The assunptions made in the above analysis include:

The core, blocks and outer zone represent 100% of the fur seals
in the Bering Sea.

- The full stomach cutoff of 2.5% of the body weight is
i ndicative of whether a seal is feeding in or sinply traveling
t hrough that area.

Mont hl'y changes in distribution do not confound the data, and
are offset by the increased sanple sizes gained through
pool i ng.

Sighting indexes of animals are not greatly different from
feeding indexes. That is, the calculations needed to derive
the 1-11% of the animals in the outer zone reflect feeding
animal s, even though they are based on sightings only. (No
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collections were made in the outer zone.)

- Changes in visibility distances and other sighting biases
are inconsequential.

It is not known whether individual fur seals exploit many or just a

few feeding areas during a sumer season. Depth-time recordings of
lactating female activities by Gentry (1984) and Gentry et al (1985)
suggest that they exploit primarily one feeding |ocation. However,

observations by Gentry (1981) suggest that non-reproductive seals
(specifically inmmture nmales) may not be so focused in their behavior. In
the nodel, lactating fermales always return to the sane feeding area
t hroughout the summer, whereas all other seal types choose at random among
5 possible feeding areas per individual. This latter assunption allows
some remxing of the non-reproductive popul ation. The nunber of feeding
areas visited by a single individual does not affect the overall average
distribution of seals in the nodel, only that of one individual, since, on
average, the same nunber of seals visit any one feeding area at a given
tine. In the model, individual seals are assigned feeding areas at
initialization according to the probability distributions in Figure 4-12a,
b, and c.

Wien in transit to and from feeding areas, seals are assuned to swim
at 200 knfday (about 4.5 knots). Radi o tagging of lactating females by
Loughlin et al (1985) showed that fermales swim 3-4 knots on the way to
feeding areas and 5-7 knots upon returning. These velocities are simlar
to those observed by Lavigne et al (1982) for gray seals. The farthest
feeding areas are 2 days swinming distance from the, rookeries. However,
nost seals feed within a day’'s swi nming distance of the Pribilofs. A
random conmponent of plus or mnus 10% is induced on both velocity and
direction when seals are noving.

While seals are feeding at sea, they nove at an assuned velocity of 20
kmday, in a randomy chosen direction each time step, within the feeding
area they have sel ected. Seals are not allowed to nmove onto land while
feeding at sea.

In the nodel, seal s | eave the  Bering Sea according to
probability distributions based on the anal yses of Gentry (1981) on
imuature males and Gentry and Holt (1985) on lactating females. Aninals

other than adult fenales and pups are assuned to depart according to the
distribution for immuature males. Lactating femal es and Purs leave when
the  pups are weaned (age 111-128 days), snd non-lactating adult
femal es are assumed to leave at this tinme as well (Gentry and Helt, 1985).
Figure 4-13 shows the distribution of departure tinmes fromthe Pribilof
I sl ands assuned in the nodel. Al seals other than pups are assumed to
swimat 40 kmday + 10% while traveling toward Unimak Pass during their
departure. Thus, transit tinme is about 2 weeks. Pups are thought to take
|l onger to cross the Bering Sea, on the order of one month (Kajimura,
1979) . .Therefore, they are assuned to swimat 20 ion/day + 10%
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Conpari son of Mdel ed and Observed Fur Seal Distributions

Movenents are sinulated at a tine step on the order of
fractions of days to days, since many novements are redirected within

one or two days (lactating female wvisits to Iland, for example).
Figures 4-14a and b show sinulated nunbers hauled out on |and, These
agree with | and count data in timng and rel ative nunbers

(Barthol omew and Heel, 1953; Peterson, 1965).

Snapshots of the nodeled distributions of fur seals are shown at 20
day intervals in Figures 4-15a through 1. These figures represent a
random sanpl e of 400 seals fromthe entire popul ation. Only those seals
i nside the Bering Sea are plotted. The bulls appear first (Figure 4-15a),

w th femal es appearing about a mnth |ater (Figure 4-15¢). Fromearly
July (Figure 4-15d) through the end of October (Figure 4-15h), sunmer
feeding activities in the Bering Sea govern the distributions. Exodus

south through Unimak Pass begins at the end of COctober (Figure 4-15i and
j ) and is nearly conplete by md-Decenber (Figure 4-151).

Model ed behavior patterns of asanple of individual seals are shown

in Figure 4-16a through f. Fi gures 4-16a and b show summer tracks for an
immature male and fenmale respectively. Figure 4-16c shows the feeding
patterns for a wnon-reproductive mature fenale. Movenments of a mature,

non-territorial bull are shown in Figure 4-16d. Figures &-1l6e and f show
the relatively focused feeding activity of lactating fenales, as well as
their pathways in and out of the Bering Sea.

Since individual seals visit only a small nunber of feeding areas, a
| ar ge enough nunber ofseal “points” nust be used so that the sinmulated
distribution matches the observed. The nodel popul ation at equilibrium
has 52 different age/sex classes on January 1 consisting of nales,
pregnant fenales and non-breeding fermales of various ages (Table 4-2).
The mgration nodel was initialized with a range of replicate nunbers of
these 52 seal point types. Thus each seal point represents the total
nunber of seals of that type divided by the nunber of replicate points.
To neasure fit of the nodeled distribution to the observed, a chi-squared

(X) test was perforned where

X = § (FEDI; - M;)2
FrUL4

FFDI; is the “Final Feeding Density Index" for grid cell i, the observed
percent of the population utilizing a given grid cell for feeding as
described in the previous section. M3 is the sinulated average percent of
t he popul ation using grid cell i. As shown in Table 4-9, at least 40
replicate points are required to adequately reproduce the observed feeding
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Figure 4-15a, sanple distribution of sinulated fur seals in the Bering Sea
on May 8 (Julian.day 128)
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Figure 4-15c. Sanple distribution of sinulated fur seals in the Bering Sea
on June 17 (Julian day 168).
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Fi gure 4-15h. Sanple distribution of sinulated fur seals in the Bering Sea
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Figure 4-157. Sanple distribution of sinulated fur seals in the Bering Sea
on Novenber 4 (Julian day 308) .
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Figure 4-16b. Track of Seal #20 (Immature fenale). Julian dates are shown at
several discrete points along the track.
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Tabl e 4-9

# Replicates

1

5
20
40
60
80
100
120
200

Fit of the mgration nodel to observed feeding distribution as
a function of the nunber of seal points. The equilibrium
popul ation has 52 different sexual status and age cl asses.

The # replicates colum indicates the nunber of replicate
poi nts of each of the 52 classes which are used to initialize

t he nmodel . The tine step used for the migration nodel was 6
hours .
x? X2
Lactating Non- br eedi ng X?
# Points Fenal es Fenal es Mal es
52 937. ** 1715, ** 1151, **
260 159. ** 174, ** 403. **
1040 57.7 66. 9+ 79.8 *
2080 35.3 55,3 28. 8
3120 22.3 37.0 19.2
4160 18.8 34,4 17. 4
5200 13.7 31.4 13.7
6240 15.7 28.6 11.6
10400 10. 6 21.1 4.7

** significantly different at P < .01 leve
* significantly different at P < .05 level

+ significantly different at P < .25 | eve
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di stribution. x2 values for 20 or fewer replicate points indicate
significant differences from the observed. For 60 or greater replicate
points, the probability of obtaining even smaller x% values than those
calculated is less than 1% indicating an excellent fit of the migration
model to the observed distribution when this many replicates are used.

For a run of the equilibrium nodel population using 40 replicate
points for each of the 52 seal types, each point represents 23 to 3063
i ndividual seals on January 1 depending on seal type. For the nost
numerous types, the nale and fenale pups born the previous summer, points
represent the |argest number of seals per point, about 3000. Oder seals
are represented by less than 2000 points, the number decreasing wth age.
Adult female points represent 23 to 1136 seals each, with a nean of 319
seals per point. For mmles over 4 years, the mean is 291 seals per point.
The overall nean for all seal types is 559 seals per point. For higher
nunbers of replicate points, these values are proportionately |ower.
Femal es make up 64% of the equilibrium population by number, and are
represented by 73% of the seal points in the migration nodel.
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5 0i1 Spill Linkages and Scenario Specifications
5.1 Seal Model - O Spill Model Linkages

The oil spill nodel used here, and described in further detail in
Section 5.2, is based on Reed (1980), Spaulding et al (1982), and ASA
(1986) . Since the presence or absence of seals will have m effect on the
trajectory of spilled oil, the oil spill model is run independently and
used to generate spill paraneters (spill size and | ocation) output at
fixed time intervals. The oil spill nodel output is then input to the fur
seal mgration nodel. As a mgration sinulation proceeds, the position of
each seal point relative to oil is continuously nonitored. To determ ne
the number of seal-oil interactions resulting froma specific spill, the
new position of a seal point at the end of each tine step is checked
relative to the oil distributions. Since seal points and oil spinets are

movi ng simul taneously, intersections may occur which fall between tine
steps and consequently would not be recorded by simply conparing seal and
oil locations at the end of each tinme step. The concept of relative
velocity is therefore used to determne if an intersection of a seal's
path with ‘the trajectory of an oil spill has occurred during the tine
step. The velocity and position of each seal point are re-calculated
relative to the velocity and position of each oil spill (Figure 5-1).
If the 1line describing a seal’s relative mvement intersects the
circunference of an oil spill, the seal has hit oil. This process is

repeated for the life of the spill.

VWhen a seal point encounters an oil slick (spinet), it is assuned
that all seals represented by that point are oiled. Si nce actual
nortality rates of fur seals after oiling are not well lmown, a range of
nortality rates is used in tabulating resulting popul ation changes. The
assumed oil-induced mortality rate determ nes swhat fraction of the seals
represented by a single point will die as a result of being oiled. For
exanmple, if a 50% oil-induced mortality rate is assuned, then the first
encounter with oil results in a lossof half the seals represented by the
poi nt. The time step used for the calculation of nortality is one day.
Thus, re-oiling may occur on a daily basis, but nultiple encounters with
oil on a single day do not result in further nortalities. Seal s not dying
as the result of oiling on a given day are assuned to recover fully and
behave as ot her seals. However, on subsequent days they may be re-oiled
and those encounters will result in further nortalities.

5.2 Specifications of G| Spill Scenarios

Two hypothetical oil spill scenarios have been established in
consultation with MMS (S. Treaty, personal conmunication). These are only
possi bl e events, with a small probability of occurrence. The total

probability of occurrence of one or nore oil spills exceedi ng 1000 barrels
inthe St. George planning area is estimated to be 0.27 @MS, 1985).
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Figure 5-1

Rel ative velocity, Vrel, of a sealwith respect to an oil
spill. ‘o is the velocity of the oil spinet, and Vmis
the velocity of the seal relative to a fixed reference
frane.
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Spill's which occur between Decenber 1 and April 30 will not directly
affect fur seals since they are not in the Bering Sea at that tine. If
spill occurrence probabilities are assumed uniformally distributed over
the year, the probability of a spill occurring while fur seals are in the
area is reduced to about 0.16. Li kewi se, -if the probability of. a spill
exceedi ng 1000 barrels striking the Pribilofs within 10 days of release is
about 0.03 (Samuels, 1984), the probability of such an occurrence while
fur seals are in the area is about 0.02. The hypothetical spill scenarios
simul ated here, each of 10,000 barrels, have even smaller probabilities of

occurrence.

One sinulated spill affects St. Paul Island in July, when maximum
numbers of seals are present at the rookeries. The second is near Uni mak
Pass during the northbound migration in the spring. In each case, a

rel ease of 10,000 barrels of Prudhoe Bay crude oil is sinulated for 10
days. One fifth of the total mss is released at tinme zero, and every

three hours thereafter for 12 hours. Each of these “sub-lots” of oil
forms an individual oil patch, or spinet (Figures 5-2 and 5-3).

The evaporation of hydrocarbons from each spinet is conputed
according to the nmodel reported by Payne et al (1984), which uses the rate
cal cul ation of MacKay et al (1980). For an oil characterized by a series
of boiling point fractions, the evaporation rate of the i"fraction is

given by

dM;/dt = KiP;A f/RT
wher e
P = vapor pressure of fraction i (atm)
A = slick area (m?)
fi = nolar fraction of i remaining in slick
R = gas constant (8.206 x 103 atm-m3/g-mole-©K)
T = tenperature (°K)

The mass transfer coefficient Ki is conputed by

Ki = 0.014 u®-78p-0.11 / (Mw; + 29)/MW;
in which

u = wind speed (m/hr)

D =slick dianeter (m

MN = nol ecul ar weight of fraction i
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The spreading algorithmis the “thick slick” formulation discussed by
MacKay et al (1980), and is derived directly fromthe gravity-viscous
equation devel oped by Fay (1971). According to this forrmulation, the rate
of change of slick area Ais given by

dasdt = K, 71.33 A0.33

wher e

A = slick area (m®)
z = slick thickness (m
K, - a constant = 150

The entrai nnment/di spersion of oil into the water colum fromthe
surface slick is based on Spaulding et al (1982) in which the dispersion

rate F is conputed as

F o= 0.1(02/Ug2) e-rt

constant (0.5 per day)

U = reference wind speed (8.5 nisee)
r
t = time (days)

The surface area and mass bal ance of a 2000 barrel spinet are given
in Table 5-1 as functions of tine since rel ease. The surface area given
represents the total area covered by oil; the nodel assumes that coverage
wthin a spinet is continuous, not patchy, The nodel checks at every
tinmestep to be certain that the renaining mass of oil in each spinet is
sufficient to cover the projected area at or above the m nimum thi ckness.
Spreading results are on the low side of the correlation reported by Ford
(1985) , but the text of that report leaves it unclear whether the areal
coverage estimates include open areas between smaller patches of oil. The
nodel ed areal coverage refers only to oil-covered water.

Hori zontal transport of the oil is computed by hydrodynam ¢ and
wi nd/ weat her nodel s used by Applied Science Associates, Inc. for other
applications (ASA, 1986; Isaji and Spaulding, 1984).

The oil spil | nodel applied here does not resolve nearshore
processes, but sinply brings oil slicks wtothe coastline and stops. It
is expected that oilwhichdirectly affects a rookery may result in 0iling
of a large number of seals, which typically enter the water at |east once
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Tabl e 5-1. Sinmul ated surface area and mass bal ance for a 2000 barrel spil
of Prudhoe Bay crude oil at 60° F and a wind speed of 5 nisee

Ti me Surface Area Fractional Mass Bal ance *
(Days) (km?) Water Surface At nospher e Water Col um
1 0.34 0, 806 0.118 0,.077
2 0.44 0. 766 ‘ 0.134 0. 100
3 0.53 0.748 0. 144 0. 109
4 0.59 0.737 0.151 0.112
5 0. 65 0,731 0. 157 0.113
6 0.71 0.725 0. 161 0.113
7 0,76 0.721 0. 166 0.113
8 0.81 0.717 0. 169 0.113
9 0. 86 0.714 0.173 0.113
10 0.91 0.711 0.176 0.114

per day (Gentry, 1981). Therefore, the anticipated behavior of oil in the
near shore zone nust be explicitly described in quantitative terns based on
observations of actual spill events.

The coast of the Pribilof | sl ands is typically rocky, so that
observations of oil behavior during the Anbco Cadiz and Urquiola spills
can provide a basis for conparison (Gundlach et al, 1985). During those
spills, it was observed that wave reflection fromrocky shores tended to
hol d surface oil 10-30 neters offshore depending on the wave height. At
the same tinme, the onshore w nds that brought the oil to the coast

continued to drive the oil into nore sheltered areas, and those areas of
t he coast which were conposed of cobble and gravel and therefore poorly
refl ect wave energy. To sone extent, then, the oil wll be advected
al ongshore and continue weathering as in open water. As the slick
proceeds al ongshore, sone of the oil wll be captured in sheltered
enmbaynent s.

Based on the above discussion, and the specific trajectories and
points of initial coastal contact of each of 5 spinets released during
each spill, we postulated the follow ng nearshore behavior scenari os for

each spinet.
(1) July GI Spill Inpacting St. Paul Island

Spinets 1- 3. These spinets cane ashore west of Zapadni, about 48
hours after rel ease (Figure 5-2). It is probable that oil noving
al ongshore would be entrapped in the enbaynment to the west of the
point (Figure 5-4). Al t hough the coast rmear Suthetunga night be
oiled, no fur seal rookeries are presently located in this area.
Only seals swinming through these areas would possibly be affected

Spinets 4 and 5. These two spinets, representing about 30% of the
total oil spilled after accounting for evaporation and entrainnent,
cane ashore on the southern tip of St. Paul Island about 60 hours
after release. It is probable that this oil would be herded by the
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Fi gure 5-4. Map of St. Paul Island showing active and
extinct (*) fur seal rookeries on the southern
coast .
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wi nd and waves along the coast where the Gorbatch and Ardiguen
rookeries are |ocated, The oil would continue to weather in the
near shore surf  zone, and be reduced to a relatively heavy
asphal t-1ike substance after about 10 days (Gundlach et al 1985).

During the intervening time period, it is expected that all seals
entering the water fromthese rookeries would possibly be oiled to
sone extent. Thus, two extreme cases were assumed for this spill in
the fur-seal-oil interaction sinulations. In one case, all seals
| ocated on one of these 2 rookeries during the time oil was present
on the shore were oiled. Thus, it was assuned that all seals on the

rookery enter the nearshore zone at |east once during the day. In
the second case, it is assuned that only those seals |eaving or
arriving on the rookeries were oiled as they passed through the
spinet. Thus, pups and other animals which remain on the rookeries
t hroughout the spill were assumed not to enter the nearshore zone

while-o0il was present.
(2) June GI Spill Near Unimak Pass

The oil spill simulated near Unimak Pzss did not comeashore and is
unlikely to do so in further simulation, so no near-shore assunptions

were required for this analysis.
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6. Mddel System Sensitivity Studies
6.1 Fur Seal Population Dynamics Model

To test the stability of the population dynamics mdel, the
equi li brium population of 1.16 mllion seals was reduced to 98% 95% 90%
80% 60% and 40% of the equilibrium population proportionately across all
age and sex classes (Figure 6-la through f). These results show popul ation
dynam cs behavior associated with |osses of seals, due for exanple to
harvesting or an oil spill. Because the age class structure was unaltered
in these sinple tests, the population returned smoothly to equilibrium
When the popul ation was reduced by up to 10% the return to equilibrium
was conplete within 25 years (Figure 6-la, b, and c¢). Recovery from nore
extrenme reductions took |onger (Figure 6-1 d,e,f).

When the 1950s popul ation sinmulation of Figure 4-8b was perturbed,
recovery was nore rapid (about 10 to 15 years to recovery, Figure 6-2 a
and b). This was due to the fact that the density-dependence of fenale
juvenile survival was stronger in the 1950s popul ation simulation than in
the 1.16 mllion standard equilibrium population. The lack of information
on female juvenile survival nakes the resolution of this discrepancy
i npossible. The recovery rates fromthe oil spill scenarios reported here
are, therefore, conservative estinmates.

Figure 6-3 shows the recovery of the current (1986) population to the
1950s popul ation level, assuming the differential female juvenile survival
rate is accurate, that all entanglement nortality is renmpved and male
harvest ceases. The sinmulated popul ation overshot the steady-state |evel
slightly after 25 years, and then quickly returned to the steady-state
oscillation. If rmale harvest is assuned to continue at 1970's levels (as
in Table 4-1), the results are not significantly different.

6.2 Mgration Model Feeding Distribution

The effect of the mgration model tinme step and the nunber of seal
points on the fit of the nodel distribution to the observed seal
distributions was tested using x as defined in Section 4.2 (Table 6-1).
The time step nust be less than or equal to one day in order to resolve
the daily nmovement patterns of the fur seals. The simul ated feeding
distribution was not significantly different fromthe observed for a
timestep of 3 to 24 hours and at least 40 replicate seal points. Use of
60 replicate points, however, greatly inproved the distribution of nales
and to a lesser degree, that of fenales. The migration nodel was not
sensitive to tine steps between 3 and 24 hours in terns of fit to the
observed distribution.

In the mgration nodel, a random nunber generator provides data which
sel ects which seal points go to each of the various feeding areas, the
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Tabl e 6-1. Fit of the mgration nodel to the observed feeding distribution
as a function of tinme step (At). There was no significant
effect of tine step or number of points within the ranges given.
The nodel ed distribution was not significantly different from
the observed feeding distribution for any sexual class

X’ X’ X'

Lact ating Non- Br eedi ng

# Replicates # Points At (hrs.) Fenal es Fenal es Mal es
40 2080 3 34.3 66.7 37. 4
6 35.3 55.3 28.8
12 39.3 48. 4 37.7
24 37.9 54.3 28.2
60 3120 3 30.3 44,8 15.7
6 22.3 37.0 19.2
12 28.7 43.9 18.9
24 30.3 44,8 15.7
80 4160 3 22. 4 30.0 17.6
6 18.8 34. 4 17. 4
12 21.6 34.9 15.9
24 22.6 41.5 14.2
100 5200 3 19.3 36.7 11.7
6 13.7 31.4 13.7
12 19.9 25.3 12.0
24 19.7 30.5 13.5

Tabl e 6-2. Variation in the fit of the mgration nodel to the observed
feeding distribution resulting fromdifferent initial seeds to
t he random nunber generator. For all runs of the nodel, 60
replicate points and a tine step of 3 hours were used

X’ X’ X'
Lactating Non- Br eedi ng

Seed # Femal es Femal es Mal es

1 30.3 44,8 15.7

2 27.0 60. 8 23.6

3 19.0° 37.8 22.3

4 26.7 31.5 18.7

5 27.6 53.1 22.4

6 21. 4 49.1 21.8

7 27.7 46.6 17.9

8 24.9 37.7 17.7

Mean 25.6 45. 2 18.8
St andard Devi ation 3.7 9.4 5.2
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timng of novements within the Bering Sea for non-breeding seals, and the
variability in swinmng velocities. By seeding the random nunber
generator with different values, a different random nunber sequence is
obtained. As shown in Table 6-2, variation of the random rumber seed does
not affect the fit of the model to the observed seal distributions. The
standard deviation provides a measure of variability in the mgration
model

6.3 Fur Seal - QI Spill Interactions

The migration nodel was run with the Unimak Pass oil spill described
in Section 5.2, using a range of tine steps and various nunbers of sea
poi nts. It is apparent from Table 6-3 that both the tine step and the
nunber of seal points have a considerable influence on the resulting
nunber of seals oiled. Use of a longer tine step reduces the nunber of
seals oiled in the simulation. This is because the larger tine steps |ose
the nore detailed resolution of both the seal and oil slick novenents,
i ntroduci ng what are known as aliasing errors in time series analysis.
Use of too few seal points fails to reproduce accurately seal densities at
spatial scal es commensurate with typical spinet sizes (i.e., 0.5to 1
kmé). The limt to the tenporal resolution of the oil spill nodel is 3
hours due to the resolution of weather data, so a further decrease in the
tinme step would not provide nore accuracy. The three hour time step has
been used in all further fur seal-oil spill interaction runs

A series of sinulations using 8 different random nunber seeds was
perfornmed to determine the relationship between the rumber of seal points
used to represent the population, and the nunber of seals encountering oi
during a given sinulation. The results of these simulations (Table 6-4)
showed that (a) increasing the nunber of replicate seal points beyond 60
resulted in negligible changes in the mean val ues of the nunber of seals
oiled, and () multiple runs using different random nunber seeds are
needed to obtain an accurate estimte of the nunber of seals oiled by a
spill scenario. The percent variability in the nunber of males oiled was
hi gher than that of fenales for two reasons: (1) there were fewer nale
seal types than fermale seal types and so were fewer male seal points for a
gi ven nunber of replicates; and (2) the sinulated Unimak spill occured at
the peak of female migration through Unimak Pass and after most nales had
passed by, so there were fewer male seal points to potentially oil. Since
mal e seal mumbers are only weakly related to future popul ation size and
dynamics in the nodel, the larger error associated with nales was
i nconsequenti al . Fur seal - oil spill interaction sinulations have
therefore been carried out with 60 replicate points for each of the 52
seal types (age, sex, sexual status), or 3120 points total. Table 6-5
shows the nunber of seals per point by seal type in these interaction
si mul ati ons. The overall average was 373 seals per point for the
equilibrium popul ation and 235 seals per point for the 1986 popul ation
(both January 1).

The oil spill sinulations reported here are for 10,000 barrels of oil
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Tabl e 6- 3.

Mean Nunber
of

Fenal es
Oled
(Standard
devi ati on)

Mean Number
of

Mal es

Oled
(Standard

Val ues given are for

The effect of migration nodel
nunber of seals oiled by the sinulated oi

equi librium population of 1.16 mllion seals was agsumed.
the mean (and standard deviation in parentheses)

spill

time step and nunmber of sea

near

Uni mak Pass.

poi nts on

An
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of 8 runs using different random nunmber seeds
# replicates 40 60 100 140
# points 2080 3120 5200 7280

Time Step
(Hs. )

3 23242 21519 21121 20933
(4213) (3028) (2006) (1402)
6 18607 19900 20978 19222
(3003) (2989) (2246) (1852)
12 14768 14038 17142 16052
(2299) (1664) (1594) (1943)
24 12901 12357 12616 12762
(2880) (1394) (1871) (1631)
3 2354 2059 1879 1622
(1253) (898) (591) (632)
6 2179 1630 1874 1461
(1307) (636) (863) (703)
12 1895 1790 1395 1341
(1000) (774) (660) (702)
24 1641 1623 1109 1255
(1792) (1134) (397) (386)



ble 6-4. Variation in the nunber of seals oiled by the sinulated Unimak Pass spill as a result of
the nunber of seal points used in the nigration nodel and of variation of the random
nunber generator seed. The tinmestep was 3 hours and the equilibrium popul ation was used.
M= nmean, &= standard deviation, F = result of one way analysis of variance for df = 5,
42 indicating no significant difference in means over the range of 60 to 200 replicate

poi nts.
Nunber of Nurmber of Replicate Seal Points

Seed 20 40 60 80 100. 120 140 200
Nunber of 1 19311 17905 20533 24514 23223 26051 21534 19855
Fenal es 2 21012 26249 20958 23684 21870 20926 18993 24218
O led 3 20710 22339 25593 23187 21152 22963 21664 21397
(F= 0.062) 4 21727 21930 24278 21878 18040 20605 18925 20451

5 21511 26814 17034 16012 21452 21715 20569 22022

6 27138 23839 18077 20541 24185 19463 20837 20504

7 31845 17474 24108 21371 18513 22629 22150 19348

8 25365 29388 21572 20570 20842 23741 22788 22684

M 23577 23242 215139 21470 21121 22262 20933 21310

S 4225 4213 3028 2639 2006 2064 1402 1613
Nunber  of 1 2822 1386 2401 629 2912 1593 677 1918
Males 2 4630 390 2488 1570 2348 1611 1890 1427
Oiled 3 116 4337 1866 992 2232 1724 2500 2018
(F = 0.953) 4 778 2487 3446 2272 1066 1573 2044 2014

5 2174 3475 1472 1498 1686 2216 1244 2161

6 0 2970 1285 2736 1371 1496 1003 1880

7 0 1594 2818 677 1618 822 1431 1463

8 2194 694 1252 1799 775 2186 1952

M 2354 ‘2059 1453 1879 1476 1622 1854

S 1253 898 743 591 474 632 266
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Table 6-5

NP P RPPRPRPRERPRRPRPRPRPRE =3
OCOOWoONOoOUPMAWNMNREPROO IO DM WNEO
0]

Aver age

Nunber of seals represented by each of 60 replicate seal points
as a function of seal type (age, sexual status) for the
equi l i brium popul ation on January 1 (Table 4-2). The numbers of
seal s per point for the 1986 population on January 1 (Table 4-5)
are 63% of these val ues.

Pregnant Fenal es Non- pregnant Fenal es Mal es
0 2038 2042

0 1328 1318

0 970 937

0 846 731
32 757 557
275 468 417
490 210 305
530 133 220
538 95 157
519 78 112
485 66 76
446 61 49
400 55 30
345 52 17
290 55 0
232 54 0
168 50 0
112 46 0
65 38 0
35 28 0
15 17 0
293 3 5 5 498
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spilled in an area and at a tinme when there is a high density of seals.
Thus, the grouping of seals into points of a few hundred seal-s each does
not affect the results, as evidenced by the sensitivity analysis (Table
6-4) . A larger number of replicate points would be required for snaller
spill sizes, since nore points are in general necessary to give adequate
resolution over snmaller areas. Also, in areas and at tines when seals are
rarer, mre seal points would be necessary to reduce the variability in
the results. The Unimak Pass spill sinulation is a denonstration of this
phenonmenon in that the results are rmuch less variable for females than for
males at a tine and l|ocation when fenales are nuch nore abundant.

Figure 6-4 shows how nodel variability changed as the mumber of
replicate points increased, and the number of seals per point decreased.
It is clear that model variability was reduced as the nunber of points
i ncreased, whereas, the nean did not vary significantly w th nunber
replicate points above 60 replicates. The error associated with the nean
estimated nunber of seals oiled decreases with increasing nunber of seal
points and with increasing nunber of runs using different random nunber
seeds. Therefore, an alternative to increasing the nunber of seal points
for smaller spill events would be to increase the mmber of sinulations
run, i.e. to use nore than 8 random nunber seeds.
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7. Simulation Results

For sensitivity reasons discussed in Section 6.3, a time step of 3
hours and 60 replicate points for each of the 52 seal types (age, sex,
sexual status), was used for all sinulations reported in this section.
The mdel has been inplenmented in Fortran 77 on both PRIME-550 and
MicroVAX conputers. A sinulation of one year’s popul ati on dynani cs,
mgration noverments, and a single 10 day oil spill interaction scenario,
requires about 1 1/2 central processing unit (CPU) hour on the MicroVax or
4 1/2 CPU hours on the PRIME-550. To determine long term effects, the
population nodel is run at a 1 day time step without the mgration
conputations, to simulate 100 years of popul ation dynamics. This second
run requires about 1/2 CPU hour on the McroVAX, or 1 1/2 CPU hours on the

PRI ME- 550.

7.1 Short-term Q1| Spill Inpacts

The nunbers of seals from the equilibrium population which were oiled
by the Unimak Pass and St. Paul spill scenarios (both considered “extreng”
cases, as &scribed in section 5.2) are presented in Tables 7-1 and 7-2.
Table 7-3 shows results for the St. Paul spill, but w thout oiling of
seal s on the adjacent rookeries, as was assuned in Table 7-2. The daily
data are for the random nunber seed which generates nunbers of oiled seals
nearest to’ the mean of 8 runs with different seed val ues. In each of
these runs, 100% of oiled seals were assuned to die, so no re-oiling of
seal s occurred on days subsequent to their initial encounter. Simlar
runs using the 1986 population, rather than the equilibrium population,
are presented in Tables 7-4, 7-5, and 7-6.

The Unimak spill oiled many nore fenales than males, oiling 2.9% and
0.5% of the popul ation, respectively. Ni nety-one percent of oiled seals
were fenales. This is because the Unimak spill occurred during the peak

of the mgration of pregnant females to the rookeries. The St. Paul spill
oiled considerably nore seals, and a nore even selection of age and sex
classes (59% of oiled seals were fenales). Wth the assunption that all
seal s on the Gorbatch and Ardi guen rookeries were oiled by spinets which
intersected the shoreline, 3.7%of the females and 4.6% of the males in

t he popul ati on were oil ed. If seals on the rookeries-were assuned mot to
be oiled, these percentages were reduced to 2.1% for fenales and 3.2% for
mal es. Many of the animals in the rookeries were pups. In general,

random variability between runs was on the order of 15-25% as measured by
the coefficient of variation (standard deviation divided by the nean).
The Unimak spill result for males is the most notable exception, and
occurred because so few males were passing through the area at the tine of

the simulated spill.

Since nortality rates after oiling are not well known for fur seals,
a range of assuned values was utilized: 100% 75% 50% 25% Those seals
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Table 7-1. Nunber of seals oiled by day for the sinulated Unimak Pass spill
and an equilibrium seal population of 1.16 mllion seals. For
the mgration nodel, 60 replicate seal points, a tine step of 3
hours, and the random nunmber generator seed which produced a
result near the nean of 8 runs were used.

Nunber of Seals G led By Day

Julian Day Tot al Femal es Mal es

178 271 271 0
179 7454 7454 0
180 3819 3176 643
181 90 90 0
182 972 972 0
183 1176 1176 0
184 3463 3424 39
185 5007 5007 0
186 13 0 13
TOTAL 22266 21572 694

Mean of 23578 21519 2059

8 runs

St andar d 3568 3028 898

devi ation

Coeffici ent 15. 1% 14. 1% 43. 6%

of Variation
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Table 7-2. Nunmber of seals oiled by day for the sinmulated St. Paul spil
and an equilibrium population of 1.16 million seals. Al'l seals
on the Gorbatch and Ardiguen rookeries during the spill

simulation are assuned to be oiled. For the migration model, 60
replicate seal points, a tinme step of 3 hours, and the random
number generator seed which produced a result near the nean of 8
runs were used.

Nunber of Seals Gl ed By Day

Jul i an Day Tot al Femal es Mal es

183 5015 4317 698
184 2380 2247 133
185 3048 2071 977
186 4672 1331 3341
187 4736 2570 2166
188 5237 3799 1438
189 4140 2512 1628
190 3798 2129 1670
191 5230 4012 1218
192 3251 1914 1337
193 1787 1469 317
TOTAL 43294 28370 14924

Mean of 46669 27539 19130

8 Runs

St andard 4994 4191 - 2554

Devi ati on

Coeffici ent 10. 7% 15. 2% 13. 4%

of Variation
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Table 7-3.

Mean of
8 Runs

St andard
Devi ati on

Coef fici ent
of Variation

Nunmber of seals oiled by day for the simulated St. Paul spill
and an equilibrium population of 1.16 nillion seals. Seal s on
the Gorbatch and Ardi guen rookeries are assuned not to be oiled
unl ess they leave land to feed and swim through oil en route to
the feeding area. For the migraton nodel, 60 replicate seal
points, a tinme step of 3 hours, and the random nunber generator
seed which produced a result near the nean of 8 runs were
used.

Nunber of Seals G led By Day

Julian Day Tot al Fenal es Mal es
185 156 64 93
186 1363 424 939
187 4182 2149 2031
188 3603 3409 194
189 1227 301 926
190 2691 1589 1103
191 4397 4079 318
192 4129 1712 2417
193 2838 1228 1610
TOTAL 24586 14954 9632

28868 15342 13526
5784 3939 3266
20. 0% 25. 7% 24. 1%
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Tabl e 7-4. Nunber of seals oiled by day for the sinulated Uni mak Pass spill
and the 1986 seal popul ation of 739 thousand seals. For the
m gration nodel, 60 replicate seal points, a tine step of 3
hours, and the same random nunber generator seed used in Table

7-1 were used.

Nunber of Seals G led By Day

Jul i an Day Tot al Femal es Mal es
178 1112 1112 0
179 5541 5057 439
180 1823 1823 0
181 515 418 97
183 786 786 0
184 1522 1522 0
185 3285 3014 271
TOTAL 14583 13731 852
Mean of
8 Runs 14235 13449 786
St andar d
Devi ati on 1400 1632 330
Coef fi ci ent 9. 8% 12. 1% 42. 0%

of Variation
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Table 7-5

Mean of
8 Runs

St andard
Devi ati on

Coef fi ci ent
of Variation

Number of seals oiled by day for the simulated St. Paul spill
and the 1986 seal population of 739 thousand seals. Al seals
in the Gorbatech and Ardi guen rookeries during the 10 day spill
simulation are assuned to be oiled. For the migration nodel, 60
replicate seal points, a time step of 3 hours, and the sane
random nunber generator seed used in Table 7-2 were used

Nunber of Seals G led By Day

Julian Day Tot al Femal es Mal es
183 4071 2347 1724
184 1596 1043 554
185 2346 1085 1261
186 3624 1426 2198
187 3137 1019 2118
188 3422 2713 709
189 2251 2160 91
190 3998 2637 1361
191 2955 1242 1713
192 3200 2171 1029
193 2038 1666 372
TOTAL 32639 19509 13130

30725 17294 13430
2130 1483 1351
6. 9% 8. 6% 10. 1%
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Table 7-6. Nunmber of seals oiled by day for the sinulated St. Paul spill
and the 1986 seal popul ation of 739 thousand seal s. Seal s on
t he Gorbatch and Ardi guen rookeries are assuned not to be oiled
unl ess they leave land to feed and swimthrough oil en route to
the feeding area. For the nmigration nodel, 60 replicate seal
points, a time step of 3 hours, and the same random numnber

generator seed used-in Table 7-3 were used.

Nunber of Seals G led By Day

Julian Day Tot al Femal es Mal es
184 51 51 0
185 353 327 26
186 2096 1615 481
187 1945 1176 769
188 2409 2044 365
189 2105 878 1227
190 1401 965 436
191 1874 1419 455
192 1004 537 467
193 1498 312 1186
TOTAL. 14737 9325 5412
Mean of
8 Runs” 16749 9334 7416
St andar d
Devi ati on 2170 779 2387
Coeffi ci ent 13. 0% 8.3% 32.2%

of Variation
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not dying fromoiling were assumed to recover conpletely. If they were

re-oiled later, their probability O mortality at that time was. assumed
the same as before. This neans that, to the extent that seal points
encounter oil nore than once, the 50% nortality rate results in a net

mortality greater than one half that at 100% nortality.

Table 7-7 shows the nunber of seals oiled, and the nunber
subsequently dying as the result of oiling, for each scenario and
nmortality rate. In the Unimak Pass spill simulation, seals were migrating

through the area and therefore, were only oiled once as they passed by.
[1-N-1s, the nunber of seals killed is proportional to the assumed nortality
rate. However, in the St. Paul spill simulations, sone seal points were
oiled nore than once since they moved on and off the rookeries repeatedly
and, in the case in which seals on the rookeries were oiled, since they
remai ned on | and for nore than one day. In these cases, the effect
assuming a 25% mortality rate was much larger than 1/4 that assunming 100%
mortality.

The mumbers of seal s remmining alive after each spill scenario are
given in Table 7-8. In each sinulation, the difference between the
oil -affected and non-affected popul ati on on Decenber 31 was |arger than
the nunber of seals killed during the spill itself. This was due to the
fact that pregnant seals oiled did not give birth to pups, and the pups of
lactating seals which died, died as well. The effect of the Unimak spill
was as high as the St. Paul spill since many of the oiled fermales were
pregnant in the Unimak case. The reduction in males by the end of the
year after the Unimak spill was due nostly to the loss of that year’s

pups, while fenales of all ages were killed in the simulation,

Since the nunmber of seals lost due to oiling was a small percentage
of the population, plots of nunbers versus time of the oil-affected
conpared to the non-affected population are difficult to distinguish.
Thus, the results are plotted as the difference between the spill-affected
popul ati ons and the standard equilibrium or 1986 popul ations for the year
of the spill (Figures 7-1 to 7-6). The differences dinminish with tine
after the spill as sone seals which were oiled in the affected popul ation
died anyway in the standard popul ations.

The nunber of seals oiled in the 1986 popul ati on sinul ati ons was
close to 63% of the nunber oiled in the equilibrium popul ation. Thus, the
nunber of seals oiled by a. given spill sinulation is approxinmately
proportional to population size. Therefore, the results in Tables 7-1 to
7-6 and Figures 7-1 to 7-6 may be scaled to other population sizes,
assuming the sex and age structure is sinilar.

The percentage of the non-affected equilibrium population of 1,16
mllion seals which dies from natural causes each year is 16% for females

and 29% for mal es. For the 1986 population with continued entanglement,
nortality due to nmatural causes plus entanglenment is 18% of the fenales
and 32% of the males over 1 year. In conparison, the spill scenarios
reported here would be expected to oil and kill up to 4% of the

-100-



Table 7-7. Numbers of seals oiled and subsequently dying as the result of oiling
(killed in parentheses) in sinulated oil spills near Unimak Pass
and St. Paul Island assuming various percent nortalities for oiled
seals. For cases where nortality rate was less than 100% the nunber
of seals oiled included those which had been oiled on previous days.
The number of different seals which saw oil one or nore times is liste
for the 100% nortality case.
% st. Paul St. Paul
Mortality Unimak Pass (Gled on (Not Qled
Initial Once Rookeri es) on Rookeri es)
Popul ati on Oled Fenal es Mal es Fenal es Mal es Females Mle
Equi i brium 100 21519 2059 27539 19130 15342 1352
popul ati on (21519) (2059) (27539) (19130) (15342) (1352
of 1163
t housand 75 20737 1130 33399 20813 16317 1121
seal s (15553) (848) (2504) (15610) (12238) (841
50 20751 1130 41613 23828 16456 1151
(10376) (565) (20807) (11914) (8228) (575
25 20766 1130 58148 29551 16594 1189
(5194) (786) (17294) (13430) (9334) (741
1986 100 13449 786 17294 13430 9334 741
popul ati on (13449) (786) (17294) (13430) (9334) (741
of 693
t housand 75 16192 1929 20360 17365 12302 934
seal s (12685) (1447) (15270) (13024) (9227) (701
50 17036 1929 25806 20960 12788 948
(8518) (965) (12903) (10480) (6394) (474
25 17161 1929 37118 28235 13287 962
(4290) (482) (9280) (7059) (3322) (240
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Remai ni ng popul ati on of

Table 7-8. seals following sinulated oil spills
near Unimak Pass and St. Paul Island assumi ng various percent
mortalities for oiled seals. The nunbers in parentheses are the
di fference between the non-inmpacted (O% nortality) and inpacted
popul ati on. (Timestep - 3 hours, 60 replicate seal points, nean
random nunber generator seed.)

% Thousands of seals alive on Dec. 31
Mortality Sst. Paul St. Paul
Initial Once Unimak Pass (Gled on (Not oiled on
Popul at i on Ol ed Rooker i es) Rooker i es)
Fenal es Males Fenal es Males Fenmal es Ml es

Equi librium 100 717 409 711 397 725 404

popul ati on (28) (9) (34) (21) (20) (14)

of 1163 75 724 410 718 398 730 407

thousand (21) (8) (27) (20) (15) (11)

seals 50 728 410 723 403 735 410

and no (17) (8) (22) (15) (10) (8)

ent angl enent 25 733 410 730 409 740 413

(12) (8) (15) (9) (5) (5)
0 745 418 745 418 745 418

1986 100 428 242 421 230 434 240

popul ati on (17) (6) (24) (18) (11) (8)

of 693 75 428 241 428 233 435 240

t housand (17) (7) (17) (15) (lo) (8)

seal s 50 432 241 431 235 438 242

and with (13) (7) (14) (12) (7) (6)

ent angl enent 25 436 241 436 240 442 245

(9 (7) (9) (8) (3) (3)
0 445 248 445 248 445 248

-102-



*salRl AJT[RIIOW

PaINpPuUT-TTO %67 (P) ‘%0S (°) ‘%L (4) "%o01 () Suywnsse ‘y(1ds sseq >puru pRIB[NUWES oyl 3O

aeak wy3 Suranp uorzelndod pejoszze pue uorie ndod wnriagqif nbd pelosjje-uou usamiloq IDUIIBFIT(

Lo,

AVQA NVIINr
QGe (1] ]4 082 aoe agt 00l . 08 0
0
v
-t
o (oY
Twsy O
Loz G
z
e &
v
-0V o
il
- 0§ v
m
P
XR(OY SinyoUR] — ———— - 09 ~
BO[OUE ] SIN|DUWR] T _vl w
TR[OH juyey —— oL
Ro[DUNY [OjO) T remm—em
strer 1olep ————
AVQ NYIANr
002 0G1 6ol 0% 0
_\q 1 L 1 0
bot 3
. ] Q
Sl Loz &
>
Loe 5
w
- O¥ o
. |
Al w
™
- 09 _NVx
1%2)

(p

)

- 21nd1g

AVQ NYINr
0s¢ 0o0g 0se 002 os!t

001 134 [

—

o1
X4
0E

(9)

or

Q SANVSAOHL

oS

EN

09

ST

oL

AVQ NYITnr

0GE 00t 0S¢ 002 osi
. 2 . 1 N 1 . 1 L 1

004 08 o
1

R

s - Q

- 01
- 0¢
- 0¢

(®)

- 0F

S A0 SANVSNOHL

- 06

2

- 09

B

- 0L

~-103-



"S$e3e1 A3TTRIIOW PRONPLT-TTO %67 (P) ‘%0S (9) ‘%SL () ‘%001 (®)
pue| u— syeeas Jurunsse ‘JTFds [neg '3Ig paIeTNUTS
pue E:Wpaﬂaﬂ:@m P9309JJe~U0U U3 M]9(Q w®O0IAdIJJI(Q

pue ‘pallo 91® 2I0YSE S3W0ED TTO aIaym
9yl jo aeak 2y3 Buranp suotrzerndod paizvegge

g~ @andrg

AVQ NvIanr AVQO NYITNTF
oSt 00¢ (- 002 0st 001 0g [ 0gt oot 02 0oz 051 0ot 0% 0
1 L. 1 1 1 1 1 1 ] . 1 1 I -0
_ —
- ot H. -0t 3
S o
0z G A
z z
o & -0t 5
v (p) “ (1)
o o - 0¥ o
b !
- 0S8y -0S W
|21 _u..vd
- 09 i~ . o9 i
¥R[Di{ sJNjouw] T e———— ” w
Zwjole .s’,—BEH llllllll
sofoy joje] — - 0L - 0L
Tefousy [pjo) ———
#{oeg Joyap ————
AVQ NYITNT AVU NvIine
0s¢ 00t 052 0oz (I 001 0% 0 oc¢ oot 052 002 ost 001 05 0
. L N i " 1 . I I L L 0 \ 1 y L ] L .0
o o T
Q Q
o
0z G A
Z Z
-0¢ ,N.‘ -0t O
%)
P (®) oo (®)
- 05 -08
1 ™
- 09 fan - 09 [
v %)
L o/ - 0L

~104~



pue

"S®3e1 £3T1E€310W pPYVNPUT-TTO 257 (P) ‘205 (9)
‘PATTO 30U 91IB 31I0Yyse sSowoD TTO =13ym pue] uo syees Jurunsse
243 3o aeaf syl Jutinp suor3eTndod pejosjjye pue wnraqrirnbs pejsag

AVa NYINnTr
ose ooe 0ge 00¢e (113} 004 08 1}
P S T 1 1 ] i~y 1 N ] 1 N [i]
llllllllllllllllllllllllllllll L
-0t !
o
02 C
%]
3>
-0t =
[w)
or v
[ o
Bl
08 o
m
. >
XE[DH EIRjoWN] — e——— ros i~
LR[DWN ] BIRIBUN] e «
$2(Dy [DjR) — —— - 0L
XEOWAY [D}0] e
fjoeg fejo] ~—————
AVQ NYINr
age oot oge 002¢ 0st 001 (34 0
1. &, i i 1 i1 ﬁ. I X 1 L x. -0
oy !
2
- 02 17}
e Z
-0t 5
[%]
- 0% o
™
- 0% %]
Al
- 09 =
2]
- 0L

(P)

‘4SL (4) ‘%001 (®)
‘I1rds Tneg -ag paieTnuws
JE-UOU UsdMIBY dIUIABITI(]

a
0 SANYSNOKL

AVQ NYIdnr

002 061 00t 0% 0

T, i L

-0l

- 0§

=S

~ 09

ST

~ 0L

goe
I

0G¢
L

AVQ NVInr
002 o5t 00t 0¢ 0
1 A 1

- M L L 1 1 -0

t

-0t

-02

-0F

- ok

‘0 SANVSNOH

- 0§

3s

- 09

ST

- 0L

‘g—~/ =1nd14g

(1)

(e

~105~



70 70
%) 0
-4 - . ) -
£ 60 Z 60
1) 1d
n  s50- " 50-
e !
o 40 - 0 40 -
(a) 17} () [}
2 3o 9 304
<€ <
22 T 1Y 0 46 v 20
o Tl 1 4 e =2
0 [}
oo , Eoovo-
TR ST ST T
A"J ——
0 —— 1 T T + T v —Y T T L o 0|~ ? 4 - - T = - = =
0 50 100 150 200 250 - 300 350 0 50 100 150 200 250 300 350
JULIAN DAY JULIAN DAY
t
Tetal Ssalx
..... Tolo! Femalen
70 70N — e Total MHolex
s mmmommes Innalure Female
0 3 ———ee o Immalurae Hajar
a &80 :f 60.
h(‘ t)
» 500 @ so-
Voo l(;'
o 40 - 40 -
b o ) v
2 30 2 a0-
prd <€
B 0 % 20-
) pn
5 o]
Lo LR
0 ey T [ T T T
0 50 100 150 0 50 100 150 200 250 300 350
JULIAN DAY JULIAN DAY

of the simulated Unimak Pass spill, assuming (a) 100%, (b) 15%, (c) 50% (d) 25%oil-induced
mortality rates.



~L01~

T0 70
n 7
i 80n 2‘ 60-
Lad Ll
» 50- 0 59
LG lo
40- © O 40-
(a) 0 C 0w
[a 4
7 % P EREL
' <€
w20 We=m = == - g 20 -
?: ‘ ‘ 2
L 0 1 by e E -
0 v ¥ T ' ! —+--- o- L | T Ty T T T
0 50 100 - 150 200 250 300 350 0 50 100 150 . 200 250. 300 350
JULIAN" DAY JULIAN DAY
Tatal Seals
------- Telal Fenalex
70 v e Tatol Ualew
10 w e Inmalure Famalan
n 3 ———— - Immalure UHalas
é 60- = 60 -
] w
v s50.- »  s0-
™ fa
°  40- O -
n d 1)
(b) 2 (d) g .
z
< <t
9 20- 92 204
2 2
£ vo- = 10
0- T T T T 1 g - r - 0 T T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
JULIAN DAY JULIAN DAY

Figure 7-5. Difference between non-affected 1986 popul ation and affected population during the year
of the simulated St. Paul spill, assuning seals on |and maybe oiled, and (a) 100%,

(b) 75%, (c¢) 50%, (d) 25% oil-induced mortality rates.



-80T1-

710 -
N
1 -
< 6
[q]
wn 50-
lin
O 40
(a) %)
2 a0
>
9 20-
0
T -
=
(U] inntes S ans N S T T
o 50 100 150
JUL IAN DAY
10 A
%)
-1 -
4 o0
wl
(%3] 50-
L
O 40
(b) »
O 30.
z
<
n
£ 20
T
= 10 -
0- - o— At T T T
0 50 100 150 200 250 300 350
JULIAN DAY
Figure 7-6

Di fference between Non-a fracredq 1986 population and af fected popul ation

of the simulated St. Paul spill
(d) 25% oil-induced nortality rates.

(b) 75% (c)

50%

(c)

(d)

assuming se

70 4

7]
-t -
py 60
(]
v s0-
11-
0 4a-
(%]
[ -
= ao
%
a3 20 -
Q '
= 10~
0 T M T T I' T T AR S
0 50 100 150 200 250 300 350
JULIAN DAY
Tetalseals
_____ Total Fenales
70_| —— =  Telal Hafax
w1 emreeees Tmnature Fenafax
2 .&h- a2~ Immaturae Halax
<
e
n 50 -
—_—
o 40 -
) 4
a -
e 3o
<C
N -
5 20
2
T 10
0- = Yy T f T LA 7T T
[} 50 100 180 200 260 300 380

JUL I DAY

alsg on land are not oil ed,

during cthe year
and (a) 100%,




popul ation, sone of which (u to 1/6 of those killed) would have “di ed of
natural causes by the end of the year. Since the mmber of seals oiled by

a given oil spill sinmulation is approximately proportional to popul ation
si ze, these percentages would be simlar at other population, sizes,

assuming a simlar age and sex structure,

7.2 Long-term Popul ati on Responses

Figures 7-7 through 7-12 show the recoveries of oil-affected
popul ations by plotting the differences between the oil-affected

popul ation and the reference standard, non-affected popul ation. In the
case of the equilibrium population, entanglement mortality was assuned to
remain at zero both before and after the spill. For the oil-affected 1986

popul ations, entanglenent nortality was assunmed to continue at present
rates.

Recovery was considered conplete when the difference between
oil-affected and non-affected populations was l|less than a specified
percentage of the non-affected popul ation size. Since pup counts in the
field are accurate to the mnearest 100 animals (e.g., Kozloff, 1985) and
popul ation estimates are based on these counts, field estimtes of
popul ati on nunbers are probably only accurate to the nearest 1000 seals.
Di fferences of less than 1000 seals certainly would not be neasurable. We
have therefore used 0.1% as a “conplete” recovery neasure, and 1% as a
second “effective” recovery measure which could more reasonably be field

verified.

For the oil-affected equilibrium popul ations (Figures 7-7, 7-8 and
7-9), recovery to the 0.1% difference |evel occurred after about 20-30
years; recovery to the 1% | evel was achi eved after about 5-20 years had
passed. For the smallest perturbation sinulated here, (Figure 7-94) fewer
than 1% of the population died in the sinulation. In all cases, (Figure
7-7 through 7-12) recovery was very rapid immediately following a
perturbation, wth the recovery rate decreasing as the affected popul ation
neared the non-affected popul ation level.

For the oil-affected 1986 popul ations, where entanglement was assuned
to continue at present levels (Figures 7-10, 7-11 and 7-12), recovery was
sl ower than for the equilibrium popul ation, requiring about 60 years to
reach the 0.1% difference level and up to 25 years to reach the 1%
difference level, with the smallest perturbation being |ess than 1% of the
popul ation killed (Figure 7-124). The slower recovery is due to the
additional effect of entangl ement-induced nortality. The decline due to
entangl enent nortality was much nore significant than that due to oil
spill effects in these sinulations.

The Unimak spill recovery involved nore age structure adjustment than

the St. Paul case, and therefore resulted in more oscillation. It has
been shown that twi ce the nean reproductive age deternmines the period of
major oscillations in population nunbers, the amplitude. of the
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oscillations being proportional to the age at first reproduction (Al len
and Basasibwaki, 1974) . The extent to which this is true decreases when
additional sources of periodicity are included in the system and when
reproduction does not occur instantaneously, but is distributed over a
finite period of time (Reed and Spaulding, 1984). The nean reproductive

age for female fur seals, i.e., the average age in the distribution of
nunber of pregnant seals by age from Tables 4-1 and 4-2, in the nodel is
about 11 years. Regul ar major oscillations cannot be detected in the
simulations in Figures 7-7 to 7-12 However, twenty-three  year

oscillations are clearly seen in the sinmulation of the 1950s popul ati on
(Figure 4-8b, ¢, and d).

In these recovery simulations following oil spills, the ratio of
female to male juvenile survival to age 2 was assunmed to be 1.0. To the
extent that this ratio is higher than 1.0, the recovery rate wll be
faster, and, based on the results here, major (22 or 23 year) oscillations
wi |l be induced in the population as it approaches the new equilibrium
Since recovery from perturbation at equilibriumis about twice as fast
when assuming a ratio to age 2 of 1.6 instead of 1.0 (Figure 6-1 and 6-2),

recovery fromthese oil spill scenarios would also take about half the
times given above if the female to male juvenile survival ratio were as
high as 1.6 at | ower popul ation sizes. However, very little direct

evidence exists regarding the ratio of fenmale to male juvenile surviva
(Chaprman 1964, providing the only data) and that evidence was based on
observations made during the 1950s when the fur seal population was at its
maxi mum It is mot known what the value of that ratio is in the present
popul ati on.
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8.

(A)

Sunmary of Model Assunptions and Concl usions

8.1 Assumptions

The followi ng assunptions were incorporated into the nmobdel system

Fur

seal popul ati on dynam cs

1.

Age specific pregnancy rates are as reported by York (1979, Table
4-1, Figure 4-1).

Birth occurs at tinme of arrival on the Pribilof Islands, and is
tined to correspond to the birth distribution observed by
Bart hol onew and Heel (1953, Figure 4-9). The sex ratio at birth
is assuned 1:1.

Natural nortality rates for all seals older than two years are

sex/ age specific and constant, taken from Lander (1980a, 1981
Table 4-1, Figure 4-2).

Natural nortality rates of pups on land are density dependent,
according to the data of Lander (1979) and the relationship
derived by Swartzman (1984, Figure 4-3, Table 4-6).

Natural nortality rates of juveniles (first winter at sea at 2
years of age) are proportional to the density dependent nortality
rate they suffered as pups, using the relationship &ived for
mal es by Lander (1979) and Eberhardt (1981), as in Figure 4-4 end
Tabl e 4-6. Femal e juveniles are assuned to suffer the sane
mortality rates as males

Harvest rates of immature nales are as in Lander (1980a, Table
4-1, Figure 4-2)

The equilibrium population distribution of 1.16 million seals
resulting froma sinulation of 300 years is assumed to represent
the present population in steady-state after renoval of
entangl enent nortality. This population is nearly equivalent to
the 1979 observed popul ation.

To simulate the current fur seal population with entangl ement at
current rates, t he equilibrium population was run wth
ent angl enent mortality to sinulate the years 1979-1986, and the
1986 popul ation was used in oil spill runs with entangl enent.
For simulations with entangl ement, an added density independent
mortality rate, assumed to be due to entanglenent, of 0.15 per
year is applied (additively) to fur seals up to 2 years of age.
For 2 to 3 year olds, the added rate is 0.049 per year (Fowler,
1985b) . This latter rate is also applied to seals older than 3
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years, since this results in nodel behavior which closely
reflects the presently observed decline in population rumbers
(Table 4-4).

9. A time step of 1 day is used in calculating popul ati on dynamics

(nortality, birth, and change of sexual status). Thus , changes
in status are assumed to occur on a daily basis.

(B) Fur_seal migration and feeding distribution

1. Between January 1 and May 1, all fur seals are south of the
Aleutian Island chain.

2. Seals enter the Bering Sea only through Unimak Pass.

3. Adult females (whether pregnant or not) enter the Bering Sea
t hrough Unimak Pass in time to arrive at the Pribilefs according
to the observed birth distribution (Figure 4-9). They apparently
requi re about 2 weeks (14 days) to cross the Bering Sea to their
rookeries, based on the observed peak mgration through Unimak
Pass as anal yzed by Kajimura (1980) and Bigg (1982). Thus, they
are assumed to swim at40 km/day + 10% QO her femal e age groups
are | agged behind the adult females according to suggested peak
passage times as follows: 3 year olds, 4 weeks after; 2 year
olds, 7 weeks after; yearlings, 10 weeks after. These femal es
also are assuned to swim 40 knfday,

4. Adult males enter the Bering Sea in time to err ive on the
rookeries according to bull counts reported by Peterson (1965,
Figure 4-9). They also are assumed to cross the Bering Sea in
two weeks at 40 kmday + 10%

5 Immture nmales enter the Bering Sea two weeks before their
observed arrival on the rookeries as reported by Gentry (1981,
Figure 4-9), and swimat 40 kmday + 10%

6. Al animals older than 3 years of age are assuned to return to
the Bering Sea. For ages 1-3, the portion returning was
cal cul ated by conparing the fraction each age represents in the
pel agic fur seal data to its fraction of the nodel popul ation.
For yearlings this is 0.7% for We-year olds it is 22.0% and
for 3-year-olds, 98.5%

7. Pregnant fenmales and territorial mles move directly to the
rookeries after passing through Unimak Pass. All other seals nove
randomy anong feeding area at sea and their rookeries according

to probabilities of being on |and. For non-territorial nales,
the probability of geing to the rookery is 19.4% after Gentry
(1981) . Non-lactating females spend 10% of their time on |and.
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10.

11.

12.

13.

14.

15.

Wien the model is initialized, seals are assigned to rookeries
according to the distribution of bulls reported ‘by Kozloff (1985,
Table 4-7). Subsequently, seals born on a given rookery will
continue to return to that rookery.

The portion of bulls which becone territorial is 72.4% up to a
maxi mum nunber of territories of 12,827 as derived from bull
counts. The age distribution of territorial males is acording

to Johnson (1968, Table 4-8).

Based on the observed probability distribution of Peterson
(1965) , territorial males abandon their territories after
spending 17 to 77 days on land. Territorial males have an equal
probability of remaining on their territories for each of the 61
possi bl e durations. After abandoning their territories, they
subsequent |y behave as other males.

Lactating fenmales move on and off the rookeries according to the
probability schedul e observed by Gentry and Holt (1985). The
duration of visits to land for pupping and nursing are assunmed to
be as in Figure 4-11. The first visit (pupping) averages 7.4
days, and subsequent visits (nursing) average 2.2 days, with the
exception of the |ast wvisit which averages 3,3 days. The
duration of a trip to sea is proportional to the age of the pup:
duration = 0.04(age) + 4.0 + 1.5 days.

Seals are distributed anong feeding areas according to an
anal ysis of feeding seal density by one degree |ongitude and
hal f-degree latitude grids. The feeding-seal density distribution
forms a probability distribution of feeding areas, to which
i ndividual seals are assigned at random (Figure 12a, b, and c).
It is assunmed that lactating fermales repeatedly return to a
singl e assigned feeding area. Al'l other seal age/sex types are
assuned to randonmy select among 5 feeding areas.

In moving to and from feeding areas, seals are assuned to swi m at
4.5 knots an average, which allows lactating females toreach the
farthest feeding areas and return in accordance with the average
schedul e observed by Gentry and Holt (1985) and is close to
observed sw nmming speeds of gray seals by Lavigne et al (1982).
A random conponents of plus or mnus 10%is induced on both
velocity and direction when seals are noving,

While feeding at sea, seals nove in randomdirections within the
selected feeding area at 20 km day. Seal s are assuned not to
haul out on land at any tine while feeding at sea.

Seal s | eave the Bering Sea according to distributions of |ast
sightings on the rookeries of immature nales by Gentry (1981) and
of lactating fermales by Gentry and Helt (1985, Figure 4-13).
Pups and mon-lactating adult femal es are assuned to | eave at the
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same tine as lactating females. Al nmales and imuature fenale
seals other than pups are assuned to |eave at the same schedul e
as the immture nales (Figure 4-13). Pups are assumed to swim at
20 knfday + 10% with seals older than 1 year at 40 kmday * 10%
while in transit to Unimak Pass.

16. Rather than tracking seals individually, seal points representing
groups of seals of a given age and sexual status are used. For
mgration nodel sinulations wthout oil spill interaction, 40
replicate points of each seal type were found to be adequate to
fit observed distributions (Table 4-9). Thus, seals represented
by a single point are assuned to nove in unison.

(C© Fur_seal nodel - oil spill mdel |inkages

1. The tine step for resolving both oil and fur seal movenents is 3
hours. Velocities within a time step are assuned to be constant.

2. Intersections of oil spinets (slicks) and seal points are
assumed to oil all the seals represented by a seal point,
regardless of the tinme spent in oil.

3. Mrtality rates fromoiling are varied in different runs at
assuned val ues of 25% 50% 75% and 100% These nortality rates
are independent of weathered state of the oil.

4. Although a seal point may remain in oil for more than the 3 hour
time step or be re-oiled a nunber of tinmes in a given day, the
mortality is applied only once daily.

5. Seals which do mot die when oiled on a given day may be re-oiled
on subsequent days and nmay suffer nortality at that tine.

6. G led seals which do not die are assuned to recover conpletely.
Natural nortality, pregnancy rates, and other behavior are the
sane as for un-oiled seals. No avoidance of oil is assuned for
future encounters.

7. The nunber of seal paints necessary in runs with simulated oil
spills varies inversely with the size of the spill and the
density of seals in the spill location at the time of the spill.
At least 40 replicate points nmust be used to adequately
distribute the seals (Table 4-9). For the simulated spills
reported here, 60 replicate points of each seal type are used
(Table 6-5).

8. Spilled oil is represented by discrete circular spinets, within
which oil coverage is continuous. It is assumed that the

i nclusion of nore conpl ex spinet shapes, or of “patchy” open
water areas within a spinet, and a resultant larger gross
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spi net size, would not significantly alter the conmputed seal-oil
interaction rates.

9. Two extrene cases are assumed when oil comes ashore at a rookery.
(1) All seals renmining on the rookery are assunmed not to witer
the surf zone and not to be oiled, so that only seals passing
through the surf zone are oil ed. (2) All seals on the rookery
are assuned to enter the water at some time during each day, and
so are oil ed.

(D) QL Spill Mdel

1. Spreading is assumed adequately estimated by a sinple equation
devel oped by Fay (1971) and nodified by Mackay (1980)

2. Evaporation is assuned adequately represented by the nethodol ogy
of Payne et al (1984), which relies on the mass transfer rate of

Mackay and Matsugu (1973).

3. Entrainnent is conputed according to the algorithmreported by
Spaulding et al (1982), according to which very little
entrai nment occurs after the first 4 days of a spill.

4,  Advection is equal to the local surface current velocity plus 3%

of the wind speed, with a variable veering angle according to the
al gorithm of Samuels et al (1982).

(E) 0il spill scenarios

1. 7w spill scenarios were assuned in the study: (1) at 57°N,
171° W near St. Paul Island on July 1, and (2) at 54.9° N, 166.1°
W near Unimak Pass on June 25.

2. The anpunt of oil spilled was 10,000 barrels of Prudhoe Bay crude
rel eased in five equal amounts (“spinets”) over 12 hours at 3
hour intervals.

3. O spinets comng ashore are assunmed to remain in the nearshore
surf zone.

8.2 Conclusions

The percentage of the equilibrium popul ation which dies from natural
causes each year is 16% for fenmales and 29% for nmales. For the 1986
popul ation with continued entangl enent, nortality due to natural causes
plus entanglement is 18% of the females and 32% of the males over 1 year.
In comparison, the “extrene case" spill simulations herein would be
expected to oil and kill at nost about 4% of the population. Since the
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nunmber of seals oiled by a given ol simulation is approximtely
proportional to population size, these percentages would be simlar at
ot her popul ation sizes, assuming a simlar age and sex structure.

The recovery tine of the fur seal population follow ng perturbations
due to hypothetical oil spills was of particular interest in this study.
We defined recovery tine as the tinme fromthe initial perturbation until
the difference between oil-affected and non-affected popul ati ons becane
less than a specified percentage of the non-affected population size. W
have used both 0.1% and 1% as nmeasures of recovery, noting that 1%is near
the level of accuracy for pup counts on the rookeries. At the 0.1% | evel,
the recovery time for the maxinum oil-affected case is sabout 70 years; at
the 1% level, which nore closely reflects our ability to observationally
di scern popul ation differences, the recovery time is about 25 years for
the worst case modeled. For the smallest case sinulated here, fewer than
1% of the population was killed.

The work reported here suggests that the effects of a single large
(10,000 barrel) oil spill on the Al askan fur seal population would be
i nperceptible between O and 25 years, depending on the assuned oil-induced
nortality rate. Density dependent control appears weak in the northern
fur seal population, as is typical of other populations of |arge marine
mammal s (Fowler and Smith, 1981). For this reason, the up to 25 year tinme
response for recovery is virtually the same for a population in decline
(due to other sources of nortality) as for a popul ation near equilibrium
and is dictated primarily by the reproductive rate and |ifespan of female
fur seals. In the case of a continuously declining popul ation, additional
seal nortalities due to an oil spill result in a decrease of the
popul ati on somewhat sooner (i.e. perhaps a year to several years) than
woul d ot herwi se be the case.

Only single spill events have been investigated here, although
multiple spills are a possibility. The two 10,000 barrel oil spills
simul ated here resulted in population reductions of at nost 4% for the
year of the spill, but these spill scenarios were selected to occur at
tinmes and places when the fur seals are nopbst wulnerable. The probability
of occurrence of such an event is less than 0.02; the probability of two
such events is therefore |less than 0.0004, assuming independence between
events. These probabilities could be significantly decreased by
controlling exploration, production, and transportation activities to
avoid vulnerable times and places, such as the Pribilof Islands in July
and August, and Unimak Pass in April and Novenber.

In order to nore accurately project population responses to
perturbations such as might be associated with an oil spill, nore
quantitative information on density dependent nortality relationships for
all ages of seals is required, and particularly for fenale juveniles and

pups . The recovery and stability of any population depends on
densi ty-dependent changes in reproduction or mrtality. Repr oducti ve
rates and litter sizes for large manmmal popul ations appear relatively
constant (Fowler and Smith, 1981). If a constant additional nortality
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rate, such as that due to entanglenent, is balanced by increased survival
rates at a lower population density, the population will maintain itself
at that [ower density, but will not be able to recover to the forner
hi gher nunmbers until the additional cause of nortality is renoved. The
nodel results presented here suggest that the population of the 1950's
suffered lower nortality rates than the estinmates based only on recent
data (i.e. those of Lander, 1980). The analysis of Section 4.1 showed
that even the lowest pup and juvenile nortality rates of the range seen
over all years are too high to allow the population to reach 2 million
individuals if female and male juveniles are assuned to die at equival ent
rates. Therefore, female juvenile survival nust be higher than that for
mal es, at higher population sizes at least, or perhaps natural nortality
has changed over the years due to environmental changes. Anal ysi s of
nortality using data over snall ranges of years, and specific population
sizes may shed nore light on this subject. Quantitative age-specific
esti mates of exogenous causes of nortality, such as entanglenent, are also
needed.

The popul ation dynami cs nodel devel oped here may be applied to other
probl ens concerning fur seal population dynamics, such as investigation of
the decline in the Pribilof I|sland population between 1958 and the
present. As better estimates of entanglement nortality rates becone
avai l able, the model may be used to test whether |ethal entanglenent can
account for the recent decline, and how nuch of the decline still renains
unexpl ai ned. Also the significance of recent upturns in rumber of pups
born and, presumably, population size (Table 4-4; GC.W. Fowler, S.
Zi mrer man, personal communi cation) nmay be investigated. The effect of the
female to male juvenile survival ratio, or other nore explicit estimtions
of female juvenile survival rate (when data becomes available), on
recovery rate from perturbations induced by oil spills or other causes
remai ns unexpl or ed. Prelimnary analysis (Section 6) shows that the
popul ation model is quite sensitive to variation in female juvenile

survival .

I't would be desirable to conduct further sensitivity analyses on the
fur seal magration - oil spill interaction conmponent of the nodel. The
nunber of seals oiled will certainly vary with oil spill size, locatioen,
tinme of year, and length of tine oil is released. Runs of the nodel
varying spill size, location, and timng to obtain nunber of seals oiled
could be conbined with probabilities of spill events to generate a
rel ati onship as conceptualized in Figure 1 (Executive Summary). Nunber of
seals oiled may also vary with such variables as nunber of discrete
spinets used to simulate the release, patchiness within an oil slick,
shape of the slick, swinmmng velocity of seals, and nunber of feeding
areas an individual nay visit on feeding forays. I ncorporation of the
coastal zone oil spill model now under devel opnent for MMS (Gundlach et
al, 1986), to sinulate oil behavior when a slick approaches a shoreline,
woul d inprove sinulations such as the St. Paul spill simulated herein.

Finally, the fur seal migration nodel, in conjunction with estimtes
of population size and structure or the popul ation dynanics model, may be
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used to estimate fur seal densities in time and space throughout the
Bering Sea. Since fur seal sighting data is inconplete and expensive to
obtain, this nethod would be advantageous in a nunber of applications.
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APPENDI X

Summary Tables of Literature Sources
for Paraneters, and Reviews of Previous
Pi nni ped Popul ation Mbdel s



Table A.1 Descriptions and literature references for paraneters
eval uated for conceptual model. Only articles containing
recent information appropriate to the conceptual nodel are
included. References are to northern fur seals unless
ot herwi se specified. W have not referenced the popul ation
data in the annual reports of fur seal investigations issued
by the National Mrine Mammal Laboratory. The popul ation
data provided in these reports is conpiled and anal yzed in
the later reports and publications summarized bel ow.

Par anet er Ref erence Descri ption/ Val ue

Broad sumaries of data sets

Lander 1980b

Lander 1980c

Sunmary of all land data collected
by US and USSR t hrough 1979

Sunmary of eastern Pacific pelagic
data of the US and Canada

Lander and Kajimura 1980 Sunmary of Western Pacific pelagic

Scheffer et

Data of the USSR and Japan

al. 1984 Hi story of scientific study and
managenent of the Al askan fur sea

N Pacific Fur Seal Corn, Sunmarizes fur seal research

1984 by US, USSR, Canada, and Japan

1977- 80

N Pacific Fur Seal Corn. As above for 1973-76

1980

Metabolic rate

Kooyman et al. 1976 I mersed V02 rates 20-31, varies
by activity, oiling incr. 50%

MIller 1978 Det er mi nes oxygen intake in fur
seal s, pelagic requirement = 197
kcal/kg per day

Blix et al. 1979 Metabolic rate of fur seal pups
3.5 Wkg when dry 18 Wkg
wet & cold



G owh and other physiological

factors

Bigg et al. 1977

Scheffer and Johnson
1963

Lander 1979

Bi gg 1979b

Lander 1980a, 1981

Scheffer and Wilke
1953

Hartley 1982

Popul ation size and structure

Lander 1980a, 1981
Smith and Polacheck
1981

Kenyon et al, 1954
Johnson 1975

N Pacific Fur Seal Comm

1984

Repr oducti on

Lander 1980a, 1981

Timing and duration of nolt in
captive fur seals

Molt in the northern fur seal

Size and growth of fur seals from
pel agi ¢ data

Evi dence for lower growth in 5-11
r. ¢lds in recent years

Sunmari zes data on bi onass
Examines growth in fur seals

Finds evidence of greater length
and tooth wt. in recent years

Provides new life table of fur
seal s using nost recent data

Critical exam nation of fur seal
eal table for periods of no growth

Study of popul ation and conponents
of herd through 1951

Summarizes northern fur seal pups
born through 1970, Pribilof fur
seal population estimted at

1.2 mil in 1970

Most recent pup production
and popul ation estinates

Summarizes reproductive data from



York 1983

York 1979

York 1980a

York 1980b

Smith and Polacheck
1981

Bigg 1979a

Harwood and Prime

1978

Chapman 1964

Chapman and Johnson

1968

Spotte and Adans 198la

Bigg 1984

Gentry and Goebel 1982
Mrtality

Lander 1980a, 1981

Harwood and Prine 1978

Bonner 1975

pelagic collections in life table

Examines age at first reproduction
in northern fur seals

Reproductive data by area
nmont h, and year from 1950-74 data

Exami nes pregnancy rates in
relation to location and mgration

Changes in age at first
reproduction by year

Provi de new cal cul ation of
pregnancy rates for 1958-61,
stable popul ation

Pregnancy rates (age >6) by region
and nonth. Decline in recent years

Do not find density dependence in
British grey seals

Sunmmarizes data on pregnancy
rates

Reports on devel opnent of new
met hod for determ ning pup born

Reproduction in captive fur
seal s

Evidence for fur seals being able
to control tinming of parturition

Eastous limted to narrow tine,
juv. nales (45 kg) are fertile

Survival data is summarized
from pelagic and land data

Find density dependent
relationship in survival of British
gray seal pups

Linear density dependent nortality
in grey seal pups



Chapman 1964 Cal cul ates femal e survival by
year class

Chapnan 1961 Reports higher survival to age 3 at
a reduced popul ation

York and Hartley 1981 Calculate nortality from fenale
harvest accounts for 70
popul ati on decline

Eberhardt and Siniff Mortality through juvenile stages

1977 nost critical density dependent
factor

Smith and Polacheck 1981 Survival estimtes of female

fur seals difficult to support,
density dependent survival to age
3 not found in data

Fowler 1981 Density dependent rates in
| arge mammals occur prinmarily at
hi gh popul ati ons

Swartzman 1984 Positive correlation between
pup nortality and # born

Keyes 1965 Causes of death and pathol ogy of
fur seals

Johnson 1968 Mrtality of adult males
estimted at .38

Gentry and Johnson 1981 Exam nes predation of sea lions
on fur seal pups off the Pribilofs

Keyes et al. 1979 Causes of death of neonates on St.
CGeorge 1977-1979

Lander 1975 Met hod of determi ning natura
Mortality

Lyons and Keyes 1984 Hookworm | arvae are viable in

tissues for several years

Behavi or

Kenyon 1960 Reports arrival and departure tinmes
adult male fur seals



Pet erson 1968

CGentry 1981

Bar t hol onew 1959

Bar t hol onew and Heel

1953

CGentry et al. 1979

Gentry et al. 1977

Gentry and Johnson 1976

Gentry and Johnson 1976

Macy 1982

Distribution and m gration

Wilke and Kenyon 1954

Kenyon and Wilke 1953

Kajimura 1979

Bi gg 1982

Kajimura 1980

A5 ¢

Sunmari zes behavi or of fur
seal s on the Pribiloef Is.

Exam nes | and-sea novements of sub-
Adult male fur seals

Behavi or of fur seal nmothers
and pups

General reproductive behavior of
northern fur seals

Changes in territory size of nales
and changes in nother/pup ratio on
St. Ceorge

No measurable increase in length
of feeding cycles in last 12 years

Subadult nal es feeding cycles
from radi otagged animals

Temporal changes in fenale
feeding cycles

Mot her - pup i nteractions

General sunmmary of the distribution
and mgration of fur seals

Summari zes data on mgration
of fur seals gathered in previous
10 years

Di stribution of pup/yearlings by
mont h using pelagi c and stranding
dat a

From historical and pel agic records
derives seasonal age-sex
distribution in 1 deg lat by

2 deg long

Di stribution including sonme
opportunistic sightings and 1 deg
long and lat



Gribben 1979

Ent angl enent

Shaughnessy 1980

Fowler 1982

Swartzman 1984

Feldkamp 1983

Scordino et al. 1984
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Kaj i mura 1984

Perez 1979

Bigg et al. 1977

Bigg et al. 1978

Taylor et al. 1955

McAlister and Perez 1976

Sanger 1974

Wilke and Kenyon 1954
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I nterchange of subadult males
between St. Paul and St. George

Entangl enent rates of Cape
ful seals

Concl udes that entanglenent in
debris may be cause of fur seal
decline

Model s different hypotheses for
entangl enent of fur seals

Power output of sea lions
entangled in nets is 4-5 times
above nornal

Reports of fur seal
entangl enent on St. Paul Is.

Qpportunistic feeding of the
northern fur seal

Prelimnary analysis of food
from pelagic collections by nonth
and area

Reports food requirenents of
captive fur seals

Exam nes annual body wei ght
variation in captive fur seals

Anal ysis of food habits of fur
seals collected in 1952

Estimates fur seal
consunption by location and season

and type

Estimates fur seal food
consunption by age and sex

CGeneral summary of northern



TFowler 1982

Swartzman and Haar 1983

Lowy 1984

Spotte and Adans 1981b

Lewry et al 1982

Perez and Mboney 1984

etfects

Kooyman et al. 1976

Kooyman et al. 1976

Geraci and Smith 1976

Le Beceuf 1971

Brownell amd Le Bouef 1971

Davis and Anderson 1976

Duguy and Babin 1975

Geraci and Smth 1977

fur seal food habits by location

Fi nds no supporting evidence for
comrerci al fish harvests causing
fur seal decline

Commercial fishing in Bering Sea
shoul dn’t have negative effect
on seals

Consi derations for interactions
between fur seals and fisheries

Determ nes feeding rate
as % of wei ght based on
captive fenmales

Rank order of food inportance
by season and region, from
unpubl i shed sources

Compares feeding rates

of lactating and non-lactating
seal s.

G ling raises metabolic rate
approxi mately 50%

Gling increase pelt therma
conductance 1.7 to 2 tines

G| effects on captive
ringed seal

No effect found on wild el ephant
seal s

Search for nortality of
el ephant seals from an oil spill

0il effects on wild grey seals

Poi soning of conmon seal
inthe wild fromoil ingestion

Skeptical of toxicity to
pi nni peds from direct ingestion



Risebrough 1976 Review of limted information of
hydrocarbon uptake in marine
mammal s

Smth et al. 1983 Bottl enose dol phins avoid oil
coming into contact with it

Geraci et al. 1983 Bott| enose dol phins able to
detect thicker films of oil



Table A 2. Summary Tabl e of Pinniped Popul ati on Mdel s

Mbdel Reference: Allen, 1975

Purpose: Managenment of the Northwest Atlantic harp seal popul ation

Descri ption: This is a fenale-based Leslie matrix |ife table nodel,
operating on 30 year classes. Considerations by year class include
births, hunting nortality, and natural (other) nortality. Fl ow charts
of the nodel are given in Capstick and Ronal d, 1982.

Validati on and Testi ng: Model sensitivity evaluated relative to survival
and pregnancy rates and popul ation size.

Application and Findings: For short duration (< 5-10 year) proj ections,
the nodel is relatively insensitive to survival and pregnancy rate
estimates. Population size, on the other hand, proved inportant for
projections of both nunbers and ratios of nunbers by year class.
Because the nodel is linear, and the dom nant eigenvalue exceeds unity,
the nmodel is unstable for long term projections.

Li mitations: Leslie nodel as applied is l[limted to a one year
timestep. Seasonal or spatial considerations are problematic to include
with this approach.

Mbdel Reference: Bulgakova, 1971

Pur pose: Esti mati on of optinal sustainable yield from Robben Island fur
sealherd
Descri pti on: Conpari son of three stock-recruit model s based on

wor kby Chapman (1961)

Val i dation and Testing: None

Applications and Findings: Recommended levels of kill were simlar for
all three nodels.

Limtations : Recruitnment is assumed control |l ed by pup density
dependent factors only. Estimates of mny herd parameters were “very
rough or alnost arbitrary”, so that results are highly tentative.




Model References: Capstick et al. 1976

Pur pose: Conparison of various model assunptions for effects on pup
production and sustainable yield forecasts.

Description: Four variations of the nodel by Allen (1975) wer e
i nvestigated in conparison to the original linear version. These

variations were

(1) an exponential density dependent change in average
age at nmaturity,

(2) a linear version of maturation rate,

(3) a variable pregnancy rate, and

(4) changes in the sex rates.

Validation and Testing: Mddel estimates of pup production were conpared
with field estimtes,

Applications and Findings: All nodel versions overestimated pup production.

Limtation: Study confirned that nodel output is very sensitive to
i nput paraneters and assunptions.

Model Reference: Capstick and Ronal d, 1982

Pur pose: I mproved docunentation for and incorporation of density
dependent birth rates by age class in the Allen (1975) nodel.

Description: The Allen (1975) Leslie matrix nodel was nodified to include
a density dependent fenmale maturation ogive, with nean maturation age
increasing with herd size. Both mninum pupping age and maxi mum puppi ng
rates can be input by the user.

Validation and Testing: None applied, but authors suggest hindcasting as
a possible test.

Application and Findings: Model forecasts of herd size under specifi
ed constant hunting pressure are nore optinistic under the density
dependent feature than when this feature is onmtted. Thus negl ecting
density dependence is a nore conservative approach to herd managenent.

Limtations: 1leslie Matrix approach as applied is limted to a one
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year timestep.

Mbdel Reference: Chapman, 1961

Pur pose: Devel opnment  of model for Al aska fur seal
parent - progeny relationship.

Description: Mdel assumes that weight gain of pups is proportional to
food intake of lactating females (conpensated for energy requirenents),
that the feeding area is proportional to popul ation size, and t hat
survival probability is proportional to food intake.

Val i dati on and Testing Procedures: None

Application and Findings: Two equations are investiagted for the
rel ati onshi p between pup population and survival to age three. One
equati on is a logistic form whil e the second is devel oped
specifically for the fur seals. Both equations are done-shaped.

Limtations: Chapman (1973) mnotes that assumed shape of stock-recruit
curve is not supported by observed fur seal popul ation dynam cs.

Mbdel Reference: Chapman, 1973

Purpose: Review and exploration of model s for estimation of
maxi mum sust ai nabl e harvest,

Descripti on: Four sinple paranmetric density dependent
“spawner-recruit” equations are investigated in relation to fish as well as
the Al aska fur seal popul ation. For fur seals, a catch equation is
formul ated allow ng for recruitnent of males and females, rates of

replacement of males and females from recruitnent, and the mumber of
adult fenales per adult nale.

Val i dati on and Testing: None

Application and Findings: The adult femaie popul ation necessary to
achieve MBY is estimated at 471, 000.

Limtations: The author points out that the accuracy and constancy
of paranmeters in the catch equation are uncertain factors requiring further
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expl orati on.

Model Reference: DeMaster, 1981

Purpose: Incorporation of density dependence and harvest into a Ileslie
Matri x nodel for Weddell seal s,

Description: The nodel is based on a projection matrix with 25 age
classes, wth mninmm pupping age at 4 years. Age specific survival is
conputed according to one of 4 density dependent functions. These

hypot hesi zed functions include both linear and non-linear forns.

Val idati on and Testing: None

Application and Findings: Because of the hypothetical nature of t he
density dependent functions, generalization of results is difficult. The
aut hor concurs with the gener al expectation t hat popul ation
regul atory nechani sns will be variable from one species to the next, and
that a general nodel for maxi mum sustainable yield is not achievable.

Limtations: In addition to the time domain linmtations inposed by
the discrete matrix formul ati on, t he wor k focusses on a
qualitative conparison of population projections uncler hypothetical

assunptions.

Model Reference: Eberhardt and Siniff, 1977

Purpose: To evaluate criteria for det erm ni ng Pribilof  fur seal
maxi mum sust ai nabl e yield.

Description: A three-equation, femle based nodel is used, wi th

three survival rates: from birth to age 1, age 1 to 2, and
constant thereafter. Reproductive schedul es and  survival rates are
estimated from various literature sour ces. The model follows an

application by Leslie (1966) to a guillenot population.

Val i dation and Testing: None

Applications and Findings: The authors suggest that age at first
reproduction may not be very inmportant as a conpensatory or regul atory

mechani sm due to the natural longevity of seals. Survival  through
i mmature stages is proposed as the factor of maj or inportance in
determ ni ng popul ati on dynam ¢ behavi or. The tentative conclusion is

drawn that maxi mum sustainable yield wmy be greater than a nedian
value, so that the optimal population |evel nmay be cl ose to the
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environmental carrying capacity.

Limtations: Conclusions are necessarily tentative, since survival
through immture stages and dens ity depenent factors are poorly known.
It is pointed out that herd nmanagenent at or near the carrying capacity is
a conservative policy in ternms of species survival.

Model Reference: Eberhardt, 1981

Purpose: To explore popul ation data for the Pribilof fur seals, estimate
key paraneters, how these vary wth population density, and deduce
an optinum strategy for managenent.

Description: As in Eberhardt and Siniff (1977), the Lotka equations are
used in their summation (rather than integral) form wth associated
rates derived from wvarious data sources, A stochastic capability
is introduced in both survival and reproductive success rates, A function
for density dependent juvenile survival is incorporated, with vparameters
fit by least squares to estimates of pup survival.

Validation and Testing: G aphi cal conparison of nmodel ed ver sus
field-estimated numbers of female pups born each year, 1952-1977,

Applications and Findings: Applied to test hypothesis that the drop in
fur seal pup production beginning in 1966 could be accounted for by
areduction in pup survival, combined with the female harvests of 1956 to
1968. It is suggested that the observed decline in population level up
into the 1970s may indeed be the result of these processes.

Limtations: Uncertainties noted by the author include the estinmation
of adult and pup survival rates and pup production. The explanation for
t he downward popul ation trend does not account for the continuation of
this trend in recent years.

Mbdel Reference: Flipse and Vellig, 1984

Purpose: Analysis of population stability of the hooded seal population
near Jan Mayen Island in the NE Atlantic.

Description: A Leslie matrix nodel is used. Age specific reproductive
rates are taken from the literature. Nat ural survival rates are
estimated from the catch curve. Hunting effects are included through an
iterative solution technique.
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Val i dati on and Testing Procedures: None

Application and Findings: Three assunptions are nmde regardi ng t he
initial size of the femle breeding population, and the eigenvalue

of the transition matrix is cal cul at ed, The results indicate that, up to
1975, hunting pressure was very near the nmaxinmum |[evel sustainable by
t he popul ati on. Cont i nued decline in t he popul ation size, and

i nconpl ete understanding of population dynamics, are cited as argunents in
support of a restrictive nanagement policy.

Limtations: The major source of uncertainty in the study appears to be
the size of the breeding population of females (age 4 and ol der),

Model Reference: Frisman et al. 1982

Purpose: Study population dynam cs of northern fur seal herd on
Tyuleniy |sland (NE Pacific)

Description: Mdel includes 16 age and sex groups: 9 femal e age groups (3
to 11 years), 5 bachelor male age groups (2 to 6 years), bulls older than 6

years, and pups. Only males are subject to harvest. Density dependent
survival of pups is nodeled according to a linear function of pup
density.

Validation and Testing: G aphical conparison of nodel ed end  observed
pup, female, and bull seal population levels, 1966-1978.

Application and Findings: Model hi ndcasts of mle and female fur
seal population dynanics are  mde. Survival of young  fenales
appears considerably more sensitive to population density than survival of
young mal es, although the data reflects consi derabl e scatter. A

pregnancy rate based on nean harem size (ratio of mature females to
bulls) is estimated from data.

Limtation: The authors note that the nodel is very sensitive to
density dependent survivial and the age structure of the female
popul ation, and that further work is needed in this regard.

Model Reference: Harwood, 1981

Purpose: Exami nation of alternate  nmmnagenent strategies for the
British population of gray seals.
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Description: Eigenvalue analysis of a Leslie matrix is pursued to
eval uate popul ation stability. The mtrix incorporates 7 age groups ,
with density dependent survival at the pup and the two el dest |evels.

Val i dati on and Testing: None

Application and Findings: Sever al hypot heti cal managenent strategies
are compared, Wwth focus primarily on economically attractive pup
harvests. Mdel results show that taking a fraction of the annual pup

production is |less destabilizing than taking a fixed quota of pups each
year.

,.
Limtations: The form and coefficients for density dependent pup survival
are probably the major source of uncertainty.

Model Reference: Lett and Benjaminson, 1977

Purpose: To supply advice on NW Atlantic harp seal quotas, and an estimate
of the maxi num sustainable yield.

Description: The model incorporates 25 age cl asses, divided into male

and fenmale groups . Hunting and natural nortalities are included.
Fertility and maturation are population size dependent.. Pup nortality
in the model is not density dependent. Nat ural mortality and harvest

nortality rates at all ages are subject to stochastic variability,
reflecting uncertainty in paranet ers due both to sanpling error and
environmental wvariability.

Validation and Testing: Conmparison of proj ect ed and observed
popul ati on structures.

Application and Findings: Gven the paraneters of the model, the
equi li brium population size was estimated at 3.7 mllion seal s.
Maxi mum catch levels for pups and adults were suggest ed.

Limtations: The work denonstrates the rate of growth of wmcertainty
bounds as popul ation |levels are projected into the future. The aut hors
suggest that quotas not be set more than 3-5 years in advance, and the
complete reeval uation of the popul ati on dynam cs be undertaken every 5
years .

A-15 *



Model Reference: Lett et al. 1981

Purpose: To study density dependent processes in the NW Atlantic har p
seal popul ation.

Description: The nodel of ILett and Benjaminsen (1977) is updated to
include density dependence in pup survival . Al t hough t he
rel ationship is supported by data, reasons for the dependence are not

clear in the «case of the harp seal.

Validation and Testing: None additional.

Application and Finding: Mximm population sizes (4.1 to 5.5 mllion
seal s) and production curves wre estimted under various density
dependent assunptions. Maxi mum sustainable yield is estinated at about
200,000 animals, for a population size of 1 to 2 mllion animals. A
critical mnimal stock size of 800,000 is estimated,

Limtations: Factors contributing to the overal | model variance
i ncl ude uncertainties associated with nat ur al nortalities, t he

uncontrol l ed aboriginal hunt in the Arctic, and the hunt by landsmen in
Newf oundl and and Quebec.

Mbdel Reference: Nagasaki, 1981

Purpose: Popul ation dynam cs analysis and optimal yield estimation for
the northern fur seal, including Pribilof and Conmmander |sland herds.

Description: Ricker and Beverton-Holt stock recruit nodel s are
investigated, along with a logistic curve for pup production.

Validation and Testing: Conparison between nodel ed and actual catch for
years 1920-1958.

Application and Findings: Reconmended kills of furs seals on t he
Pribilofs are around 55,000 mal es aged three, and about 13,000 femal es.

Limtations: Fi ndi ngs based on assuned density dependence operating
t hrough unknown mechanisms. Recommendation of female kills may have
contributed to subsequent population decline.
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Mbdel Reference: Shaughnessy and Best, 1982

Purpose: To determ ne annual yield of yearlings and mature . femle
abundance for South African fur seals at population equilibrium

Description: Assuming a stable initial population size, and representing

only fermales, the popul ation si ze is proj ected under several
different sealing rates. Annual survival rates are density
i ndendent . Both pregnancy rate and pup survival rate are density

dependent, based on Pribilof fur seal data.

Validation and Testing: Sensitivity analysis on nodel paraneters.

Application and Findings: Mde 1 runs suggest that the mexi mum
sustained harvest rate for young immature seals is about 30% of
those pups surviving to 8 nonths of age.

Limtations: The nodel was found to be very sensitive to pregnancy and
pup survival rates. Mortality rate of adult fenales is poorly known for
this population, but is a third inportant parameter in determnining
maxi mum sust ai nabl e harvest.

Model Reference: Siniff et al., 1977

Purpose: Analysis of Weddell seal popul ation dynamics.

Descripti on: This fenal e-based nodel allocates new recruits to the
breedi ng popul ation in proportion to the available space in a given col ony.
Both adult nortality and allocation of new recruits to available space
are stochastic processes.

Validation and Testing: Conparison of nodeled with observed dynam cs.

Application and Findings: Mbdel runs showed t hat previously
reported reproductive and sruvival rates were inconsistent, given the
observed nean population size. The nodel also indicated the existence
of a surplus of adult females, which was later confirnmed by
field observations.

Limtations: Pur survival rates through the first year of life is
probably the primary  mechanism for popul ati on regulation, and is
also the parameter about which least is known.
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Model Reference: Smth and Polacheck, 1980

Purpose: Investigation of effects of age structure and density dependence
on results of harvesting females.

Description: Leslie matrix of female popul ati on conponent. Dens i ty
dependent factors are incorporated for both fecundity and survival

matrix elenments.

Validation and Testing: Conparison of nodel ed and predicted nunbers of
pups born over tine.

Application and Findings: Results suggest that observed popul ation
dynami cs cannot be explained by a sinple self-regulation nodel.

Limtation: Density dependent factors are essentially hypothetical.

Mbdel Reference: Swartzman, Harr, and Sullivan, 1982

Purpose: Investigation of potential carrying capacity reduction due
to comrercial fishery harvest of species such as pollock and herring,

mai nstay food resources for fur seals.

Descriptions: The nodel considers the possible energetic effects
on lactating seals on the ©Pribilof Island due to reduction in food or to
changes in seal abundance. The model focuses primarily on female seals
during their period of residence in the eastern Bering Sea. The seals
are separted into lactating and non-lactating seals by age class.
Conput ati ons are made for average seal weights and popul ati ons at age as
they are influenced by tenperature, food availability of five groups of
prey, and seal respiratory and growth denand. Seal arrivals and pupping
and weani ng cycles are expressed as montly averages of  seal abundance.
Prey respond to seal predation as well as to natural and fishing
mortality, and are annually increased by recruitnent which is read in as a

nmodel driving variable. There is no predation considered on the prey
ot her than seal predati on. O her predation sources are included as
‘natural’ mortality. Prey abundance is included as a nmonth-specific
availability factor for each prey type. All  seal age classes are
assuned to have the same diet and reproductive pattern. The only
differences between age classes (fromage 3 to age 13+) is the fraction of
mature and fecund fern-ales and the average weight, which  affects the

mexi mum ration and respiratory demand (Swartzman, 1984b).
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Val i dati on or Testing Procedures: Subj ective conpari son was made
bet ween modeled and observed growth patterns over the summer pupping
peri od.

Application and Fi ndi ngs: Applied to exam nation of energetic
inmplications of increased seal abundance, reduced prey abundance, and
reduced prey availability (Swartzman 1984). Implications are that” fur
seals are not greatly affected +when prey abundances or availabilities
are reduced within plausible ranges, the nmeasure of i mpact bei ng

estimated percentage |loss in annual mlk per pup after 6 years of
altered conditions.

Limtations: Prey abundances, the half saturation const ant for
density dependent feeding rate, prey availability are all relatively
uncertain paraneters. Changes in respiration and feeding rates with

tenperature are also uncertain.

Mbdel Reference: Swartzman, 1984a

Purpose: Investigation of entanglement and altered harvest strategies
on status and future of Bering Sea fur seal population.

Description: Basically a Beverton-Holt age cl ass, f emal e- based,
density dependent pup survival nodel .

Validation or Testing Procedures: Sensitivity analysis on pup survival
density dependent paraneters.

Applications and Findings: The nodel was applied to a variety of
assunmed | evel s of  entangl enent, but failed to come to equilibrium when
all age classes were subject to entanglenment and survival tinme was |ess
than 12 months. This is apparently a mathematical anomally wthin the

model, rather than a fur seal popul ation dynamcs fact. The nodel
denonstrates that entanglement could be a significant contributing
factor to the observed fur seal population decline. The nodel al so
suggests that termination of the fur seal harvest would do little to

increase the future population abundance.

Limtations: This nodel, and both Beverton Holt and Ricker-type nodels
in general, are highly sensitive to density dependent paraneters, about
which little is known.
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Model Reference: Trites, 1984

Purpose: Assessment of current status of Pribilof |slands fur seal herd.

Description: Single species nmale and feml e age structured rmode 1
wi thout density dependent mechani sms. Juvenile survival rates are
al | owed to vary.

Validation ‘and Testing: Validation perforned through sensitivity analysis.

Application and Findings: Study suggests that observed popul ation decline
is the result of harvesting females and a series of |ow juvenile survival
rates.

Limtations: Mdel” is extrenely sensitive to adult survival estimtes.
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